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Abstract 
 
Fasciolosis is a parasitic disease that damages the liver of the infected host and is caused by 
the migration and feeding activity of a trematode – Fasciola hepatica in temperate regions, or 
Fasciola gigantica in tropical regions, which mainly affects domestic ruminants. Fasciolosis 
has inflicted a significant economic burden on the agriculture sector worldwide due to the 
reduction of meat and milk production. Humans are susceptible to fasciolosis from ingestion 
of metacercaria on contaminated vegetables. Triclabendazole is the drug of choice used to 
control fasciolosis and is the only drug recommended by the WHO to treat human fasciolosis. 
Triclabendazole resistance in Fasciola has emerged however, and has been reported in many 
countries including Australia. Hence, new drugs/inhibitors against fasciolosis are needed. 
Cathepsin L5 is one of the cathepsin L isoforms secreted by F. hepatica while residing in the 
liver tissue and bile ducts. The specific substrates of other isoforms that are co-expressed with 
cathepsin L5 are known to be involved in parasite migration and feeding, while the specific 
natural substrates of cathepsin L5 are not known.  
 
The focus of this project was therefore to inspect the potential specific natural substrates of 
cathepsin L5 that are involved in host immunomodulation, and the determinants of its substrate 
preference. In Chapter 3, recombinant cathepsin L1, L2, and L5 were expressed in the yeast 
Saccharomyces cerevisiae while the helminth defence molecule (HDM) was expressed in 
bacteria Escherichia coli. Subsequently, the cleavage efficiency of the isoforms to activate 
HDM were assessed at pH 4.5 and pH 7.3. Cathepsin L variants with point mutations were 
created to assess the involvement of the residue 163. Furthermore, in Chapters 4 & 5, 
comparative molecular dynamics simulations were performed on apo and substrate-bound 
cathepsin L1 and L5 to identify differences in their structures and enzyme-ligand interactions 
and to propose further potential determinants of the substrate preference of cathepsin L5. In 
Chapter 6, three microRNA-adapted short hairpin RNAs (sh42, sh313 and sh420) aiming to 
knock-down cathepsin L5 in vivo were developed as potential tools for future study on the 
function of cathepsin L5 in F. hepatica.  
 
The findings of this study confirmed that cathepsin L5 is most likely the specific enzyme to 
activate HDM and the activation site is predicted to be within the gut lumen of the parasite (pH 
iv 
 
4.5). Furthermore, the results of enzyme kinetic assays using Z-Asp-Arg-AMC fluorogenic 
substrate and HDM digestion analysis suggests that a glycine at position 163 is crucial to the 
P2 Asp preference of cathepsin L5 however it is not the only determinant. Based on simulation 
results, including the contributions of individual residues to the overall binding free energy, it 
is proposed that in addition to position 163, a cluster of residues in its vicinity might also 
contribute to the differential substrate preference of the two cathepsin isoforms studied. 
MicroRNA-adapted shRNAs carried in a lentivector (pGIPZ) to knock-down F. hepatica L5 
were developed for the first time however the knock-down effects were not specific. In 
conclusion, the findings from this study provide crucial information that could lead to the 
development of new drug/inhibitor against fasciolosis. 
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1.1 Fasciola  
1.1.1 Background on Fasciola 
The common liver flukes, Fasciola hepatica and Fasciola gigantica are the causative agents 
of fasciolosis, a disease that affects both domestic ruminants and humans globally. F. gigantica 
is usually found in tropical countries whereas F. hepatica is found in countries with a temperate 
climate, such as Australia. Fasciola is a  zoonotic agent as it can cause infections in humans 
when the metacercariae are consumed through contaminated water or vegetables (Robinson et 
al., 2009a).  
 
Human fasciolosis is distributed across the world as illustrated in Figure 1.1.  Fasciola 
infections in livestock have been reported in every continent except Antarctica with the highest 
rates occurring in temperate countries such as Bolivia, Peru, Iran, Portugal, Egypt and France 
(Garcia et al., 2007).  
 
The reduction in milk and meat production as a result of the disease have caused significant 
economic losses to the global agriculture industry. An estimate of the global economic losses 
due to fasciolosis was made in 1999 and put at  USD 3 billion annually (Togerson, 1999). Later 
surveillance was carried out locally in high prevalence areas. For example, it was estimated 
2096 USD losses from 2114 head of cattle within 13 months in Hai town in Tanzania (Swai, 
2009), 330 USD losses from 260 head of cattle within 44 days in Lyantonde Town of Uganda 
(Ssimbwa, 2014) and a total of 41784 USD losses from 251325 head of sheep, goats and cattle 
annually in Kashan abattoirs in Iran (Khoramian et al., 2014), £23 million annually in UK 
cattle industry (Mazeri et al., 2017) . It is clear that fasciolosis causes unfavourable impacts on 
the economy in high prevalence regions, many of which are in developing countries.
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Figure 1.1Worldwide distribution of human Fasciolosis. Recognized areas of high fasciolosis transmission are the highlands of South America, 
the Nile valley, the Caspian Sea basin, East Asia and South-east Asia. Globally more than 75 countries have been reported to have human fasciolosis 
cases. (WHO, 2013).  
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1.1.2 Anatomy and characterization of Fasciola spp.  
Adult flukes possess a leaf-like, flat body and a tegument with backwardly directed 
spines.  The oral and ventral suckers are of equal size and are both located at the anterior 
of the body. Adult flukes also have a very highly branched intestine which extends from 
the tip of the anterior to the posterior end of the body. As a hermaphrodite organism, 
adult flukes possess both testes and ovaries. The testis is located at the posterior, 
occupying the whole middle region of the body whereas the ovary is located above the 
testes and its genital pore is found above the ventral sucker. Their vitellaria (a gland 
which secretes yolk) are well developed and ramify throughout the body at the region 
beneath the ventral sucker (Fairweather et al., 1999b). The vitellaria gland cells of 
mature fluke contain abundant yolk for nourishing the embryo and numerous large shell 
globules which form egg shells (Kotpal, 1996). The anatomy of the organs of F. 
hepatica is illustrated in Figure 1.2. 
 
Traditionally, F. hepatica and F. gigantica are primarily distinguished by their 
morphology, as the adult F. gigantica is usually larger and longer in size but with a 
smaller shoulder, larger ventral sucker, shorter cephalic cone and more anterior testes 
compared to F. hepatica. The body size of F. gigantica has been reported to be 29-49 
mm in length and 6.7-9.7 mm in width (Chang et al., 2015) while F. hepatica is 17-29 
mm in length and 9-12 mm in width (Ashrafi et al., 2006); the size difference of the 
two species can be seen in Figure 1.3 (Palmer). Similarly, the size of the eggs are 
slightly larger in F. gigantica (160-190 x 70 µm) than in F. hepatica (130-150 x 60-85 
µm) (Muller, 2002, Rokni et al., 2010, Sahba et al., 1972).  There have however been 
reports on hybrids of these two species, which has led to some confusion (Le et al., 
2008).  
 
Molecular markers such as nuclear ribosomal internal transcribed spacer I and II (ITS1, 
ITS2) and mitochondrial genes, ND1 and COI have been developed and  applied to  
many Fasciola spp. characterization studies utilising the  Polymerase Chain Reaction 
(PCR) (Amor et al., 2011, Galavani et al., 2016, Reaghi et al., 2016, Shafiei et al., 2014, 
Tadayon et al., 2015). These genetic markers not only enable researchers to accurately 
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distinguish between F. hepatica and F. gigantica but also allow the identification of 
hybrids (Bozorgomid et al., 2016, Shalaby et al., 2013). 
 
 
 
Figure 1.2 Image of Carmine stained adult F. hepatica.  The stain clearly  shows the 
highly-branched testis which cover most parts of the body, while the dark-stained uterus 
is located at the anterior of the worm with the genital pore located near the ventral 
sucker (Ash, 2007). 
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Figure 1.3 Adult common liver flukes. F. hepatica (left) has two prominent shoulders, 
a converging margin and is smaller in size compared to F. gigantica (right) (Mas-Coma 
et al., 2014). 
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1.1.3 Life cycle of F. hepatica 
The life cycle of F. hepatica consists of several stages including eggs, miracidium, 
sporocyst, redia, cercaria, metacecaria, newly excysted juvenile, immature and adult as 
illustrated in Figure 1.4. The eggs produced by the adult flukes reside in the bile ducts 
of the definitive host and are transferred into the intestine and expelled into the 
environment through the faeces. The eggs require water to hatch, and release free-
swimming miracidia that penetrate the tissue of the intermediate host, the freshwater 
snail Galba truncatula.  
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Figure 1.4 Life cycle of Fasciola hepatica. The life cycle of F. hepatica consists of 
several stages including unembronated eggs, embryonated eggs in water, miracidium, 
stages within snail intermediate host as sporocyst, redia and cercaria, free swimming 
cercariae, metacecaria, newly excysted juvenile, immature and adult. The eggs 
produced by the adult flukes reside in the bile ducts of the definitive host and are 
transferred into the intestine and expelled into the environment through the faeces. The 
eggs require water to hatch, and release free-swimming miracidia that penetrate the 
tissue of the intermediate host, the freshwater snail. Within the intermediate host, the 
miracidia develop and multiply resulting in the release of thousands of free-swimming 
cercaria which encysted on the vegetation as infective metacercariae. Metacercariae 
excysted in the small intestine following ingestion by the definitive host. The newly 
excysted juvenile worms penetrate the intestinal wall and enter the peritoneal cavity, 
and subsequently the host liver (CDC, 2013b). 
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The miracidia develop and multiply between, or in, visceral organs of the intermediate 
host (Georgieva et al., 2016) resulting in the release of thousands of free-swimming 
cercaria, which are finally encysted on the vegetation as metacercariae. The 
metacercariae are infective, excysted in the small intestine following ingestion by the 
definitive host. The newly excysted juvenile worms penetrate the intestinal wall and 
enter the peritoneal cavity, and subsequently the host liver. After ingestion it takes 10 
to 12 weeks for the immature flukes to enter the bile ducts  (Andrews, 1999). Adult 
flukes can remain in the bile ducts of the definitive host for 1-2 years in cattle or up to 
20 years in sheep (Andrews, 1999). In the bile ducts, adult flukes feed on blood and 
adjacent hepatic parenchyma. Eggs are shed from the bile ducts into the intestine, where 
they pass into the faeces (CDC, 2013b).  
 
1.1.3.1 Intermediate host  
Galba truncatula is a type of fresh water snail from the Lymnaeoidea family. The snails 
are native to Europe and act as an intermediate host of F. hepatica, being essential to 
the completion of their life cycle.  The infection starts when the hatched miracidia in 
contaminated water penetrate the snails. They then develop and multiply into sprocysts, 
rediae and finally free swimming cercariae which are encysted on water plants for 
ingestion by the definitive hosts (CDC, 2013a).   
 
Two generations of G. truncatula are usually produced within one year but this can 
increase up to three generations in very wet years, with the life-span of each generation 
lasting about a year (Chapuis, 2009). The length of mature snails ranges between 7 mm 
to 12 mm. The development of F. hepatica within G. truncatula can cause parasitic 
castration; the snail’s gonad will be destroyed if a single or several rediae penetrate this 
gland and consume the whole contents (Dar et al., 2014, Wilson et al., 1980). In 
addition, the snail’s reproduction potential is lost if the larval forms of the F. hepatica 
localize in the vicinity of the gonad (Dar et al., 2014).  
 
10 
 
1.1.3.2 Definitive host 
F. hepatica has a wide range of definitive hosts, predominantly large ruminants such as 
domestic cattle, sheep and goat. There are also definitive hosts in the wild including 
rodents, llamas, and kangaroos in Australia (Mas-Coma et al., 2005). Definitive hosts 
develop disease a few weeks following the ingestion of the metacercariea. Different 
clinical symptoms and degrees of disease severity have been observed depending on 
the number of metacercaria ingested and the period of time after which they were 
ingested (discussed in more detail below in 1.1.7). 
 
1.1.4 F. hepatica genome  
Genome sequencing revealed that F. hepatica possesses a relatively large genome, 
approximately 1.3 Gb (Cwiklinski et al., 2015) compared to other sequenced trematode 
genomes such as Schistosoma spp (363 to 397 Mb) (Berriman et al., 2009, Protasio et 
al., 2012), Clonorchis sinensis (547 Mb) (Huang et al., 2013) and Opisthorchis 
viverrine (634.5 Mb) (Young et al., 2014).  However, the genome size does not 
correlate with the chromosome number among these trematodes: F. hepatica has 10 
pairs (Cwiklinski et al., 2015, Sanderson, 1953), S. mansoni has 8 pairs (Cwiklinski et 
al., 2015, Hirai et al., 2012), O. viverrine has 6 pairs (Cwiklinski et al., 2015, 
Komalamisra, 1999) and C. sinensis with a smaller genome has 28 pairs of 
chromosomes (Cwiklinski et al., 2015, Park et al., 2000). The total number of coding 
genes identified was 22676 and the number of gene transcripts was 33454. 
 
From the analysis of the F. hepatica genome, 22676 RNAseq-supported gene models 
were identified and at least 32% of the genome was estimated to consist of repetitive 
DNA. Furthermore, retrotransposons including 27 Mbp of long terminal repeats and 59 
Mbps of long interspersed elements were observed. The mean exon size was 303 bp 
and mean intron size was 3.7 Kbp (Cwiklinski et al., 2015). 
Sequencing of the individual genome of F. hepatica from five isolates revealed 
substantial polymorphism (Cwiklinski et al., 2015). High polymorphism was observed 
in chemosensory and neural development pathways which may relate to the challenge 
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of F. hepatica to locate it snail host, or tissue migration within the definitive host and 
the variation of the host preference within populations (Cwiklinski et al., 2015). 
 
1.2 Fasciolosis 
1.2.1 Clinical presentation of fasciolosis  
Liver fluke disease, or fasciolosis, in sheep and cattle can be categorised into three 
clinical forms, depending on the number of ingested metacercaria and the period of time 
after ingestion.  
 
Acute fasciolosis is mainly attributed to a large intake of metacercariae in a short-period 
of time and the host may not show any obvious symptoms, but the burrowing of 
immature flukes in the liver can cause haemorrhage and can lead to sudden death due 
to massive blood loss in sheep. Acute fasciolosis usually occurs after the wet season 
which provides a suitable environment for the growth of the intermediate host, the 
freshwater snails (Scott, 2007).  
 
Subacute fasciolosis is characterised by jaundice, weight loss and anaemia. Severe 
anaemia occurs as a result of liver tissue damage and haemorrhage can also lead to 
death in 8-10 weeks.  
 
Chronic fasciolosis is the most common form of fasciolosis in sheep, goats and cattle, 
where clinical signs develop slowly. The symptoms are lower appetite, anaemia, pale 
mucous membranes of the mouth and eyes, oedema under the jaw of sheep and 
diarrhoea in cattle (Boray, 2007, Scott, 2007). Parasitic liver damage also provides a 
suitable condition for the growth of Clostridium novyi type B bacteria, which causes an 
acute and fatal liver disease known as black disease (Boray, 2007). 
 
In humans, there are two distinct clinical phases of infection –the parenchymal liver 
phase (acute) and the ductal phase (chronic). The parenchymal liver phase typically 
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occurs 6-9 weeks after infection where the juvenile flukes migrate through the liver. 
During this phase, the disease manifests as fever, right upper quadrant pain and 
eosinophilia. The disease progresses into the ductal phase as flukes enter the bile ducts 
and may cause obstructive jaundice (Figtree et al., 2015).  
 
1.2.2 Detection and diagnostics approaches 
According to the World Health Organization (WHO) protocol on the diagnosis, 
treatment and control strategies for Fasciolosis, there are three techniques to confirm 
diagnosis: parasitological, immunological and molecular techniques. Diagnosis of 
fasciolosis is firstly based on the suspected aspects that are linked to the Fasciola 
infection such as, tracking the food consumption history for raw vegetables, having a 
blood eosinophil count of more than 500-1000 per µL of blood, and on typical findings 
during ultrasound or computed tomography scans (WHO, 2016). Confirmation of the 
diagnosis relies on the techniques discussed in the following paragraphs. 
 
For diagnosis by the parasitological technique, stool samples collected from patients 
are subjected to either qualitative (simple test tube flotation, simple flotation, 
sedimentation techniques and microscopic examination) or quantitative McMaster 
counting analysis, depending on the severity of the infection as determined by the initial 
prognosis. The cost and sensitivity may vary between the techniques. However, this 
technique can only be utilised in the chronic phase when the eggs are actively excreted 
into the host gastrointestinal system (Hansen et al., 1994, WHO, 2016). 
 
Diagnosis using immunological techniques such as enzyme-linked immunosorbent 
assay (ELISA) can be performed by measuring either the Fasciola-specific antibody or 
antigen. Measurement of the antibody has limitations because the presence of the 
antibodies can also indicate previous parasite exposure, rather than a current infection. 
In addition, although detection of the Fasciola-specific antigen can be performed using 
either faeces or sera samples, the detection of the Fasciola-specific antibody requires 
sera samples.   
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Molecular techniques for detection, such as the polymerase chain reaction (PCR), are 
still at the experimental stage and therefore not yet suitable for widespread use (WHO, 
2016). The latest publication describing the PCR method for Fasciolosis diagnosis 
identifies three primer pairs targeting mitochondrial DNA, where one primer pair is 
common to F. hepatica and F. gigantica and of the other 2 primer pairs, one is specific 
to F. hepatica and the other is specific to F. gigantica (Le et al., 2012). This duplex 
PCR method is able to detect Fasciola from faeces samples and discriminate between 
the species of Fasciola causing the infection in a single step. In addition, using 
mitochondrial DNA as a template is more sensitive, because a single cell may contain 
hundreds of mitochondria. However, the author did not mention the ability of this 
method to detect hybrids of the two species, which have been reported in some endemic 
regions (Ichikawa-Seki et al., 2016, Ichikawa-Seki et al., 2017a, Ichikawa-Seki et al., 
2017b, Le et al., 2008, Nguyen et al., 2012). 
 
1.2.3 Control of fasciolosis 
1.2.3.1 Chemotherapy 
Triclabendazole is a derivative of benzimidazole but has a unique chlorinated benzene 
ring and the absence of a carbamate moiety which distinguishes it from other 
benzimidazoles (Brennan et al., 2007, Fairweather, 2005, Lipkowitz et al., 1991). It is 
effective against several species of helminths which include F. hepatica, F. gigantica 
(Fairweather, 2005, Santra, 1999, Sanyal et al., 1996) and Fascioloides magna 
(Fairweather, 2005, Foreyt, 1989).  
 
After administration, triclabendazole is rapidly excreted by the liver and oxidized to 
sulphoxide and sulphone metabolites, which strongly bind to plasma proteins and bile 
(Fairweather, 2005, Hennessy et al., 1987).  As 45% of the administered dose is 
secreted in the bile, the flukes residing in the bile duct will be exposed to these 
metabolites which can enter the flukes both orally and by diffusion through the 
tegument. Trichlabendazole and its metabolites have however been shown to be 
cytotoxic to the mice at a concentration more than 25 µM (Barrera et al., 2012). The 
recommended dosage of triclabendazole for different types of host are discussed in the 
latter paragraphs. 
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Triclabendazole has been shown to be very efficient in treating Fasciola infections both 
in animals and humans by removing all developing stages older than 1-week, including 
the worms at their most destructive stage, which is the migration  and subsequent 
residence of immature worms and adult worms in the bile ducts (Fairweather et al., 
1999a).  
 
In humans, triclabendazole works effectively as a single dose of 10 mg per kg weight 
of the patient without causing any significant adverse effects (Villegas et al., 2012). In 
animals, triclabendazole is often combined with other agents such as ivermectin to 
enhance its effectiveness. The manufacturer’s recommended dosage for sheep is 10 mg 
triclabendazole and 0.2 mg ivermectin per kg of body weight, whereas for cattle, the 
recommended dose is 12 mg of triclabendazole and 0.2 mg of ivermectin per kg of body 
weight. The drug can be administrated orally or by pour-on methods, the latter of which 
is applied along the top of the back from the withers to the base of the tail (Novartis). 
 
However, triclabendazole resistant flukes have been reported on some farms in 
Argentina (Olaechea et al., 2011), Peru (Ortiz et al., 2013), UK (Gordon et al., 2012), 
Australia (Brockwell et al., 2014), Ireland, The Netherlands and Spain (Brennan et al., 
2007), which means a new intervention approach will soon be required to overcome 
this disease.  
 
Genome analysis identified five α-tubulin and six β-tubulin isotypes in Fasciola. 
Tubulins are known targets of benzimidazole including triclabendazole and albendazole. 
Because a range of tubulin isotypes have been identified, where some were 
constitutively expressed and others were expressed in certain developmental stages, 
together with the evidence that some albendazole resistance F. hepatica remain 
susceptible to triclabendazole, suggests the independent modes of action of these drug 
may be related to the diverse tubulin isotypes expressed by this parasite (Cwiklinski et 
al., 2015). 
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1.2.3.2 Vaccines 
1.2.3.2.1 Antigen 
To date, there is no commercially available vaccine for preventing fasciolosis. A 
summary of the vaccine trials for fasciolosis published with more than 50 % protection 
is presented in Table 1.1. 
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Table 1. 1 Summary of all vaccine trials published with more than 50 % protection. 
Antigen Source of 
antigen 
Adjuvant Vaccination protocol Animal Outcome Reference 
Fatty acid binding 
protein 
Adult worm 
extracts 
Data not 
available 
Data not available cattle 55 % protection (Hillyer et al., 
1987) 
Fatty acid binding 
protein 
Recombinant 
Sm14 from S. 
mansoni 
MPL-RIBI + 
Alum 
80 µg of antigen injected 
subcutaneously at week 0, 1 and 
4. 
sheep 98.5 % of protection  
while n=4 and 92 % 
of protection while 
n=3 
(Almeida et 
al., 2003) 
Glutathione S-
transferase 
Isolated from 
ES products of 
F. hepatica. 
Freund’s 100 µg of antigen injection 
subcutaneously at week 0, 4 and 
8. 
sheep 57 % protection (Sexton et al., 
1990) 
Glutathione S-
transferase 
Isolated from 
ES products of 
F. hepatica. 
Quil 
A/squalene 
Montanide 80 
400 µg of antigen administrated 
in trials 1, 2, 4 and 5 followed 
by 200 µg after 1 month. In trial 
3, booster contained 400 µg of 
antigen. Vaccine administered 
via subcutaneous route.  
Cattle Protection range form 
19-69 % were 
reported. 
(Morrison et 
al., 1996) 
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Antigen Source of 
antigen 
Adjuvant Vaccination protocol Animal Outcome Reference 
Total Cathepsin L Isolated from 
ES products of 
F. hepatica. 
Freund’s ~30 µg of antigen injected at 
week 0 and 40 µg injected at 
week 4. 
sheep 69 % protection by 
faecal egg count 
(Wijffels et al., 
1994) 
Cathepsin L1, 
Cathepsin 
L1/Hemoglobin, 
Cathepsin 
L2/hemoglobin 
Isolated from 
ES products of 
F. hepatica. 
Freund’s 10-200 µg administered on week 
0, week 4 and week 7 for first 
trial. 200 µg administered on 
week 0, week 5 and week 9 for 
second trial.  
cattle Combination of 
Cathepsin L2 and 
haemoglobin elicited 
highest level of 
protection (72.4 %) 
(Dalton et al., 
1996) 
Cathepsin 
L1/CatL2, 
CatL2/CatB 
 Freund’s 200 µg CatL1 + CatL2 200 µg 
per injection, 200 µg CatL2 + 
200 µg CatB per injection 
calves CatL1 + CatL2 
elicited 55 % of 
protection while 
CatL2 + CatB elicited 
28.9 % of protection. 
(Mulcahy et 
al., 1999) 
CatL1 mimotopes Phage clones None 1 x 1013 particles injected 
subcutaneously at week 0 and 2. 
sheep Elicited 51 % of 
protection. 
(Villa-Mancera 
et al., 2012) 
CatL1 mimotopes Phage clones Quil A 1 x 1013 particles injected 
subcutaneously at week 0 and 4. 
Goat Elicited 46-79% of 
protection. 
(Villa-Mancera 
et al., 2014) 
18 
 
Antigen Source of 
antigen 
Adjuvant Vaccination protocol Animal Outcome Reference 
Cysteine protease 
W 
Recombinant 
CPFhW from 
F. hepatica 
None 500 µg of antigen injected per 
calf and 300 µg of antigen 
injected per lamb. 
Calves 
and 
lambs 
Elicited 54 % of 
protection in calves 
and 26.13 % of 
protection in lambs. 
(Wedrychowic
z et al., 2007) 
Leucyl 
aminopeptidases 
Isolated from 
adult worm 
extracts. 
Freund’s 100 µg in complete adjuvant 
administered subcutaneously. 
Another 100 µg in incomplete 
adjuvant given after 4 weeks. 
sheep Elicited 89 % of 
protection. 
(Piacenza et 
al., 1999) 
Leucyl 
aminopeptidases 
(LAP) 
recombinant Freund’s 100 µg of purified antigen 
administered intramuscularly. 
Priming at week 0, booster at 
week 4.  
Califor
nian 
rabbits 
Strong IgG response, 
highly significant level 
of protection (89 %). 
(Acosta et al., 
2008) 
Leucyl 
aminopeptidases 
recombinant Freund’s, 
Alum, 
Adyuvac 50, 
Ribi, DEAE-
D 
100 µg of antigen injected 
subcutaneously at week 0 and 4. 
sheep Elicited 83.8 % of 
protection in Freund’s 
group, 86.7 % in the 
Alum group, 74.4 % 
in Adyuvac 50 group, 
49.8 % in the Ribi 
group and 49.5 % in 
the DEAE-D group. 
(Maggioli et 
al., 2011) 
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Antigen Source of 
antigen 
Adjuvant Vaccination protocol Animal Outcome Reference 
Cathepsin B, 
cathepsin L5, 
cathepsin L1G, 
cathepsin B/L5, 
cathepsin B/L1G, 
cathepsin L5/L1G, 
cathepsin 
B/L5/L1G 
Recombinant Quil A 20 µg of purified antigen, 10 µg 
each for multivalent vaccine. 
Vaccinated thrice with two 
weeks interval. Vaccine 
administered via intraperitoneal 
route. 
 
Spragu
e 
Dawley 
male 
rats 
Combination of 
cathepsin B and L5 
gives maximum 
protection (83%). 
(Jayaraj et al., 
2009) 
Cathepsin L3-
1/L3-2/B, 
cathepsin L3-1, 
cathepsin L3-2. 
Recombinant Imject Alum 20 µg of antigen in single antigen 
vaccine, 6.6 µg of each antigen in 
multivalent vaccines. 
Spragu
e 
Dawley 
male 
rats 
Cathepsin L3-1 and 
L3-2 gives 47 % and 
63 % of protection 
respectively. Trivalent 
vaccine cathepsin L3-
1/L3-2/B gives 53 % 
of protection. 
(Wesolowska 
et al., 2018) 
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1.2.3.2.2 Adjuvant 
Among the vaccine candidates, leucyl aminopeptidases (LAP) purified from 
excretory/secretory (ES) material of F. hepatica prepared in Freund’s adjuvant 
(complete Freund’s adjuvant is used in the first injection and incomplete Freund’s 
adjuvant is used in the booster) showed more prominent protection in sheep with 89% 
reduction in worm burden compared to the other proteases tested, such as cathepsin L1 
and L2 with 34% and 33% reduction in worm burden, respectively (Piacenza et al., 
1999). However, this experimental vaccine is only protective at the hepatic stages of 
infection and not the prehepatic stages (Piacenza et al., 1999), which means the goal of 
vaccine development to prevent liver damage and the manifestation of fasciolosis in the 
host cannot be achieved. 
 
Vaccines are usually prepared with adjuvants to enhance the immunological response 
of the host to administered antigen by different pathways depending on the type of 
adjuvant used (Marciani, 2003). In a study to evaluate the effects of different adjuvants 
(Alum, Freund’s incomplete adjuvant, Adyuvac 50, DEAC-D and Ribi) on the efficacy 
of the LAP, only Alum elicited more than 80 % protection in sheep infected with 
metacercaria in a single injection (Maggioli et al., 2011) The effect of different 
adjuvants (Quil A, Freund’s incomplete adjuvant and TiterMax Gold) was tested alone 
in F. hepatica infected sheep without incorporating any immunogen. The outcome of 
these findings shows that Quil A skews immune responses of the host towards the Th1 
type (Hacariz et al., 2009) which is protective (host immune responses to Fasciola are 
discussed in more detail below).  
 
Therefore, the choice of immunogen targeting specific life stages of the parasite and 
choice of adjuvant use to prepare vaccine are both crucial to yield an effective vaccine 
to prevent fasciolosis. 
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1.3 Host immunology 
1.3.1 Host immune responses to the F. hepatica infection 
The innate immune system of the host plays an important role in its defence against F. 
hepatica infection and also to prime the adaptive immune response. Innate responses 
elicited upon infection include rapid eosinophilia and macrophage activation at host 
intestine as newly excysted juveniles penetrate through. Activation of these cells 
promotes humoral immunity (adaptive response) by differentiation of T-helper (Th2) 
cells which produce cytokines IL-4, IL-5 and IL-13 resulting in the secretion of 
antibodies IgG1, IgE and IgA. On the other hand, the differentiation of Th1 and Th17 
cells which promote pro-inflammatory immune responses are suppressed (McSorley et 
al., 2013, van Riet et al., 2007). Normal immune responses towards pathogens are 
illustrated in Figure 1.5, where a balance of Th1/Th2/Th17 expression is maintained to 
cope with varying immune challenges (Ouyang et al., 2009). 
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Figure 1. 5 Differentiation of naïve CD4 T cell. Differentiation of naïve CD4 T cell into Th1, Th2 and Th17 cell is evoked by intracellular 
infections, parasite infections and extracellular bacterial infections respectively (Ouyang et al., 2009). 
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Sheep do not show immunity to F. hepatica in acute infection after ingestion of a large number 
of metacercariae (Toet et al., 2014). Between four to six days post-infection in sheep, parasites 
reach the liver resulting in hepatic pathogenesis concomitant with acute fasciolosis (Molina-
Hernandez et al., 2015) such as blood loss and liver damage, which usually causes acute 
infection in sheep, and ends with sudden death, according to the National Animal Disease 
Information Service (NADIS). Pathologically, F. hepatica infection is portrayed by liver 
fibrotic tissue forming and scarring on the surface due to parasite migration. Cellular 
infiltration in the F. hepatica infected liver is primarily composed of eosinophils, macrophages 
and lymphocytes accompanied by the development of lymphoid follicles as a result of the host 
immune response to the infection (Zafra et al., 2008). 
 
During chronic F. hepatica infection in sheep or acute and chronic stages of infection in cattle, 
Th2 immune responses persist and evolve. The classical Th2 pathway is activated while Th1 
immune responses are down-regulated. Differentiation of naïve CD4+ cells to Foxp3+ 
expressing T regulatory (Treg) cells induced by the TGF-β cytokine occurs (O'Neill et al., 2000, 
O'Neill et al., 2001). Usually Foxp3+ Treg cells are essential to limit the excessive immune 
and inflammatory response executed by T helper cells and they are also involved in immune 
tolerance (Zheng, 2013). Treg cells that emerge during this stage play a critical role in 
suppressing pro-inflammatory Th1 cell differentiation, preventing serious tissue damage to the 
host. Additionally, a favourable environment for the long-term survival of the parasites is 
created as Treg cells limit the magnitude of Th2 responses which lead to wound healing (Dalton 
et al., 2013). The pathways of the modified Th2-type immune responses during F. hepatica 
infection are illustrated in Figure 1.6. 
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Figure 1. 6 Immune responses of the host towards chronic infection by F. hepatica. 1. 
Pathogen-associated molecular patterns (PAMPs) released by liver flukes detected by M2 
macrophages (alternatively activated). 2. Alternatively activated macrophages attract mast 
cells, which 3. Inhibit innate responses to antigen from bacteria which infect the host while 
parasites traverse the intestine of the host. 4. Inhibiting innate responses results in low levels 
of IL-12, IL-23, TNF and IL-6. 5. Hence, Th1 and Th17 responses are suppressed (Dalton et 
al., 2013). 
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 Macrophages will be activated by a classical pathway in a normal Th2 response where 
inducible nitric oxide synthase (iNOS) is expressed to metabolise arginine into nitric oxide for 
microbial killing and inflammation responses. On the other hand, alternatively activated 
macrophages induce arginase activity which converts arginine to ornithine. Ornithine is a 
precursor of polyamines and collagen, contributing to the production of the extracellular matrix 
which is important for wound healing. As a result, tissue damage brought about by the 
migration and feeding of the flukes in host tissues is reduced in modified Th2-type immune 
responses during chronic parasitic infections (Mylonas et al., 2009). 
 
A modified Th2 response is characterised by expansion of Th2 cells, alternatively activated 
macrophages, production of inducible Foxp3+ expressing T regulatory (iTreg) cells, increased 
levels of IL-10, production of polyclonal IgE by B cells, induction of eosinophil apoptosis and 
inhibition of dendritic cell maturation. These reponses resulted in consequent suppression of 
the Th1/Th17 responses (Shepherd et al., 2015, Dalton et al., 2013, Flynn et al., 2010, Serradell 
et al., 2007).  
 
With tuned Th2 immune responses, parasites are able to survive within the host for up to 20 
years (Allen et al., 2011, McSorley et al., 2013). However, host susceptibility to intra-cellular 
pathogens such as Mycobacterium bovis, that are normally controlled by pro-inflammatory 
responses is increased, exposing the host to the risk of fatality from other pathogens (Flynn et 
al., 2007b, Flynn et al., 2009) such as Salmonella Dublin  (Aitken et al., 1979).  
 
Host immune responses towards fasciolosis have been studied using sheep (Acosta et al., 2008, 
Dowling et al., 2010, Sexton et al., 1994, Martinez-Fernandez et al., 2004), goats (Zafra et al., 
2008), cattle (Aitken et al., 1979, Flynn et al., 2008) or a rodent model (Martinez-Fernandez 
et al., 2004). Data on human immune responses to fasciolosis obtained from serological tests 
and blood cell counts of reported human cases, are limited. Known responses include increased 
eosinophilia after 4 weeks of admission to hospital, and an ELISA for IgG4 antibody against 
recombinant cathepsin L5 antigen was strongly positive (Hughes et al., 2003, Weisenberg et 
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al., 2013). In another study, IgG against F. hepatica was detected in serum samples obtained 
from residents who had lived on the same plot of highly infected  land for more than 7 years, 
but no eggs were found their stool samples  (Perez-C et al., 2016). Fasciolosis in humans 
induces strong Th2 responses as evidenced by a high IgG4 titres in the serum of patient (Hughes 
et al., 2003, Weisenberg et al., 2013). There are however no published studies on the details of 
Th2 response in human infections. 
 
1.3.2 Modulation of the host immune response 
Excretory/secretory (ES) material of the parasite contains molecules released to the parasite-
host interface during the infection. Hence, these molecules are most likely to play a role in 
stimulating the host immune response, as well as tuning these responses to be favourable for 
their survival as discussed in 1.3.1.  
 
Among the ES materials of F. hepatica, cysteine proteases (cathepsin L) were the only proteins 
identified in both bile and in vitro culture (Morphew et al., 2007). In addition, cathepsin L 
proteases are the most abundant protein found in the adult ES, followed by glutathione S-
transferase (GST), fatty acid binding protein (FABP), enolase (Morphew et al., 2007), leucine 
aminopeptidase (Marcilla et al., 2008) and peroxiredoxin (Prx) (Lund et al., 2014). GST was 
found to be able to modulate the function of dendritic cells; Prx was able to activate host 
macrophages, driving Th2 cytokine production in naïve murine T-cells (Flynn et al., 2007a); 
cathepsin L1 was found to modulate the function of dendritic cells and skew the host immunity 
from Th1 response (Dalton et al., 2003). 
 
The remainder of this review will focus on the potential immunomodulator cathepsin L, 
particularly cathepsin L5 and the helminth defence molecule (HDM) that form the basis of the 
hypothesis in the current study. Cathepsin L5 is the main focus of this study because based on 
the amino acid residues preferred to be accommodated at its active site (Norbury et al., 2012) 
and the sequence of the putative cleavage site of HDM (Robinson et al., 2011b). It is proposed 
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that cathepsin L5 might be involved in the host immunomodulatory process by cleaving and 
activating HDM (discussed in more detail below in 1.3.2.1 and 1.3.2.2). 
1.3.2.1 Cysteine proteases 
“Cathepsin” is derived from the Greek word kathepsein which means to digest (Turk et al., 
2012). Cysteine cathepsins belong to the cysteine peptidases of the clan CA superfamily, which 
is widely distributed among living organisms and they are one of the important lysosomal 
hydrolases. More specifically, cysteine cathepsins are members of the C1 family of papain-like 
enzymes, which include papain and related plant enzymes, proteases in helminths and parasites, 
insect-homologs of papain, cysteine proteases of trematodes, viral proteases, and lysosomal 
cysteine cathepsins (Barrett, 2004).  
 
In humans, there are 11 types of cysteine cathepsins: cathepsins B, C, F, H, K, L, O, S, V, X 
and W. Generally, cysteine cathepsins are most active in a slightly acidic environment such as 
in the lysosome, and are most unstable at neutral pH, being rapidly and  irreversibly inactivated 
(Turk et al., 1995). Depending on the localization of the enzymes, the human cysteine 
cathepsins play a crucial role in normal cellular protein degradation and turnover.  
 
The functions and tissue-specificity of some cysteine cathepsins have been studied: cathepsin 
K has an essential role in bone resorption (Asagiri et al., 2007, Turk et al., 2012); cathepsin W 
is predominantly expressed in CD8+ lymphocytes and natural killer cells (Linnevers et al., 
1997, Turk et al., 2012, Wex et al., 2003); cathepsin S is predominantly expressed in the 
professional antigen-presenting cells (Hsing et al., 2005, Turk et al., 2012); cathepsin V is 
highly expressed and restricted to the thymus and testis (Bromme et al., 1999, Santamaria et 
al., 1998, Turk et al., 2012); cathepsin L, which is localized  in the nucleus, plays a role in the 
regulation of cell-cycle progression (Goulet et al., 2004, Turk et al., 2012) and processing of 
the histone H3 tail (Duncan et al., 2008, Santos-Rosa et al., 2009, Turk et al., 2012). 
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1.3.2.1.1 Types of cysteine cathepsins in trematodes 
The trematode cysteine proteases had evolved into 3 classes by about 480 to 540 million years 
ago (Littlewood, 2006, Stack et al., 2011): 1. cathepsins with endopeptidase activity (cathepsin 
L, F), 2. Those with both endo- and exo-peptidase activity (cathepsin B) and 3.  
dipeptidylpeptidase activity (cathepsin C) (Caffrey et al., 2004, Dalton et al., 2006, Stack et 
al., 2011, Tort et al., 1999).  
 
Cathepsin C is involved in the digestion of macromolecules in the gastrodermis, after  
absorption  from the gut lumen (Caffrey et al., 2004, Dalton et al., 2006, Stack et al., 2011) 
whereas cathepsin L, F and B are secreted proteases involved in parasite-host interactions 
(Curwen et al., 2006, Robinson et al., 2008b, Stack et al., 2011).  
 
1.3.2.1.2 Fasciola cysteine cathepsins 
From a developmental time-course of gene expression study, it was found that genes were 
differentially expressed at different stages of parasite development. In the classes of cysteine 
peptidases, cathepsin L and cathepsin B play essential roles in helminth infection for tissue 
migration and feeding. As members of a multigenic family, cathepsin L peptidases form 5 
clades with a total of 17 members while cathepsin B peptidases consist of a single clade with 
7 members. Although these genes were found to be differentially expressed during fluke 
development, they are also expressed in concert during the migration phase thus allowing for 
parasite migration through host tissues (Cwiklinski et al., 2015, Robinson et al., 2009b). 
 
The family of cathepsin L proteases can be grouped into 5 distinct clades where clades L3 and 
L4 are found only in the early infective metacercariae, and the remaining clades L1, clade L2 
and clade L5 are the only proteases isolated from the secretome of adult flukes (Irving et al., 
2003).  The phylogenetic analysis of F. hepatica cathepsin L gene sequences predicts that 
cathepsin L3 is the most ancient gene of the cathepsin L family, and duplication of cathepsin 
L3 has resulted in the emergence of cathepsin L2. Similarly, a subsequent duplication event of 
cathepsin L2 gave rise to cathepsin L1, and then cathepsin L1 further diverged into L5 
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(Robinson et al., 2008b). Phylogenetic tree analysis on 24 F. hepatica and 8 F. gigantica full-
length cathepsin L sequences from the study of Robinson and colleagues (Robinson et al., 
2008b) is presented in Figure 1.7. 
 
 
Figure 1.7 Phylogenetic relationships of the Fasciola cathepsin L gene family. The tree is 
constructed with bootstrap neighbour joining, rooted to C. papaya papain. Numbers represent 
bootstrap values in percentages for a particular node and values greater than 70 % are shown. 
(Robinson et al., 2008b) 
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In addition, specific subtypes of legumain are highly expressed along with cathepsin L 
proteases at different stages of development. Hence, it was proposed that legumain may be the 
enzyme which activates the cathepsin L proteases of F. hepatica (Cwiklinski et al., 2015). 
Activation of the cathepsin protease is discussed detail below. 
 
1.3.2.1.3 Pro-segment and processing 
Cathepsin proteases are synthesised in an inactive form to regulate their activity, as they are 
involved in vital cell processes. The pro-segment of the protease binds to the substrate cleft 
when the protease is produced to prevent inappropriate proteolysis (McGonigle et al., 2008, 
Stack et al., 2011, Stack et al., 2008) and also acts as an intermolecular chaperone which is 
important for correct protein folding (Baker et al., 1992, Shinde et al., 1997, Stack et al., 2011).  
 
To produce mature cathepsin proteases, the region between the pro-segment and the catalytic 
domains needs to be specifically cleaved. The removal of the pro-segment is facilitated by a 
low pH environment in which the salt bridge involving an Asp, contained within a conserved 
GXNXFXD motif located between residues -42 and -36, is disrupted (Coulombe et al., 1996, 
Stack et al., 2011). The slightly acidic environment in the gut lumen of the F. hepatica where 
cathepsin proteases are secreted provides this suitable environment for autoprocessing of 
cathepsin proteases (Stack et al., 2011).  
 
Two modes of cathepsin L activation has been reported. First, auto-activation where the 
presence of a cysteine at position 25 is essential (Collins et al., 2004, Coulombe et al., 1996, 
Stack et al., 2011) as a recombinant cathepsin protease mutant with a glycine at position 25 is 
unable to activate by auto-processing (Stack et al., 2011). Second, inter-molecular activation, 
here the activation of the cathepsin proteases can also occur by direct cleavage within the 
Leu12-Ser11↓His10 motif located at the non-conserved C-terminal region of the propeptide, 
via trans-processing by other activated cathepsin L proteases, as a mutation in  this region 
prevents, or slows down, the activation (Stack et al., 2007). 
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1.3.2.1.4 Active site structure and substrate specificity of cathepsin proteases 
The active site of the cysteine cathepsin proteases consists of sub-sites that are numbered in 
increasing order as one moves away from the cleavage site. The residue located right next to 
the cleavage site at the N terminus, is termed S1, whereas the residue located right next to the 
cleavage site at the C terminus is termed S1’. The amino acid residues of the substrate which 
accommodate S1 and S1’ sub-sites are termed P1 and P1’, respectively. The bond of the 
substrates that is hydrolysed is known as the scissile bond (Abramowitz et al., 1967, McGrath, 
1999). 
 
Like many other proteases, substrate specificity of cathepsin proteases is primarily determined 
by the composition and arrangement of amino acid residues that create the S2 sub-site within 
the active site which would interact with the amino acid at the P2 position of the substrate 
(Corvo et al., 2009, McGonigle et al., 2008, Stack et al., 2008). Analysis of the amino acid 
sequences among clade L cathepsin members show that the amino acid residues comprising 
the S2 sub-site exhibit the most variation compared to other sub-sites (Stack et al., 2008).  
 
The importance of particular amino acid residues located within the S2 sub-site in defining the 
substrate specificity has been investigated in many studies, especially residues 67, 157 and 205. 
Cathepsin L1 with Leu67, Val157 and Leu205 has a stronger preference to accept small, 
hydrophobic leucine in the P2 position of a substrate compared to cathepsin L2 with Tyr67, 
Leu157 and Leu205, although cathepsin L2 also accepts leucine fairly well. In addition to 
accepting leucine, cathepsin L2 has a relatively higher preference towards accepting a proline 
at its S2 subsite than cathepsin L1 (Stack et al., 2008). While cathepsin L5 with Leu67, Leu157 
and Leu205 also accepts leucine fairly well at P2, it did not show substantial activity against 
substrate proline, although it exhibits more than 80% sequence similarity with cathepsin L1 
and L2 (Smooker et al., 2000). Interestingly, cathepsin L5 showed a unique substrate 
preference at P2 for aspartic acid (Norbury et al., 2012). 
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Cathepsin L2 is able to process fibrinogen to produce a fibrin clot (Dowd et al., 1995), 
suggesting that cathepsin L2 may be the factor which leads to the blocking of excessive 
bleeding when the parasite penetrates the liver tissue and bile ducts, or alternatively, the clot 
may prevent the host immune cells from attacking the parasite surface (Dowd et al., 1997).  
Among cathepsin L1, L2 and L3 proteases of F. hepatica, only cathepsin L2 and L3  exhibit 
an ability to digest collagen (Stack et al., 2008), suggesting these proteases are the factors by 
which the parasite is able to digest the connective tissue matrix of the organs through which it 
migrates (Robinson et al., 2011a). Additionally, cathepsin L1 and L2 are able to digest native 
immunoglobulin suggesting both of these proteases are involved in immune evasion (Robinson 
et al., 2008a) while cathepsin L1 can also digest haemoglobin very well (Lowther et al., 2009). 
Finally, we should note that cathepsin L5, which is secreted by immature and adult F. hepatica 
in small amounts, has been shown to possess the ability to digest haemoglobin, 
immunoglobulin, laminin, fibronectin and collagen (Norbury et al., 2011). 
 
Profiling of cathepsin L’s P1 to P4 substrate specificity at S2 indicates that cathepsin L1 accepts 
leucine, cathepsin L2 accepts leucine and proline (Stack et al., 2008), cathepsin L3 accepts 
proline and valine (Corvo et al., 2013) and cathepsin L5 accepts leucine and aspartic acid 
(Norbury et al., 2012). The high preference of L2 and L3 to accommodate proline at S2 has 
been correlated with the ability of these two proteases to cleave native collagen which contains 
the repeat motif Gly-Pro-Xaa, where Xaa is any amino acid (Stack et al., 2008). On the other 
hand, leucine is a major component of the globin proteins in haemoglobin (Chung et al., 2015) 
hence leucine P2’s preference of cathepsin L’s has a direct link to their ability to cleave 
haemoglobin. Interestingly, the unique P2 preference of cathepsin L5 towards an aspartic acid 
has not yet been correlated to any specific substrate. 
 
 
Profiling of the P1-P4 specificity of cathepsin L5 shows that P1 preferred accommodation of 
lysine, glutamine, glutamic acid, arginine and threonine, P2 preferred leucine, aspartic acid, 
valine, isoleucine and methionine and P3 preferred lysine, arginine, proline, glutamine and 
glutamic acid compared to other residues (Norbury et al., 2012). As previously reported, 
arginine is highly preferred by both P1 and P3 of cathepsin L5 and cathepsin L1 (Stack et al., 
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2008). Hence, the peptide Arg-Asp-Arg (RDR) is a suitable substrate for assessing and 
comparing the interaction between P2 Asp and cathepsin Ls. In addition, the peptide Arg-Leu-
Arg (RLR) was suitable to use as a control substrate in enzyme kinetic assays, and the 
computational study as leucine is a common P2 substrate of cathepsin L1 and L5 (Norbury et 
al., 2012, Stack et al., 2008). 
 
1.3.2.1.5 Catalytic mechanism of cysteine proteases 
The active site of cysteine proteases is characterised by a catalytic triad consisting of Cys25, 
His162 and Asn182. Cys25 acts as a nucleophile in the cleavage of peptide bonds while His162 
acts as a proton donor.   An outline of the reaction mechanism is presented in Figure 1.8.  An 
asparagine or aspartate at  residue 182 is often crucial in the catalytic process, as it helps to 
orientate the histidine residue and make it a better proton acceptor through electrostatic effects 
(Berg, 2002). 
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Figure 1.8 Reaction pathway of peptide hydrolysis catalysed by cysteine proteases (Ma et 
al., 2007). Acylation: The carbonyl carbon of the scissile amide bond is nucleophilically 
attacked by the thiol anion of Cys25. Then, the imidazole ring of His 162 transfers a proton to 
the substrate’s scissile nitrogen which results in the release of an amide product. Deacylation: 
Hydrolysis of the intermediate by a water molecule yields the free enzyme and a carboxylic 
acid product. 
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1.3.2.2 Helminth Defence Molecule (HDM) 
The so-called, “Helminth Defence Molecule” (HDM) is a small 8 kDa protein molecule 
isolated from the secretome of liver flukes (Robinson et al., 2011b). In vitro, HDM is processed 
by F. hepatica cathepsin L1 into two smaller fragments of about 4 kDa each, as revealed by 
mass spectrometry analysis, and the putative cleavage site is located between Arg36 and Ala37. 
The C-terminal HDM cleavage product possesses both hydrophilic and lipophilic (hydrophobic) 
properties and is termed amphipathic. HDM was initially speculated to have antimicrobial 
activities similar to the human defence protein CAP18, based on the evidence that both 
molecules share basic biochemical and functional properties (Robinson et al., 2011b).   
 
Human CAP18 is specifically expressed in granulocytes and its protein structure is comprised 
of two domains: an amino-terminal domain with a high level of similarity to other known 
members of the CAP18 gene family, and a carboxyl-terminal endotoxin-binding domain with 
less identity. It has been shown that human CAP18 and its C-terminal 37 amino acid domain 
are able to bind to LPS and inhibit the LPS-induced generation of nitric oxide by macrophages 
and tissue factors which results in blocking of the coagulation cascade (Larrick et al., 1995). 
In addition, both CAP18 and its C-terminus domain were shown to have antimicrobial and 
chemotactic activities.  
 
Similarly, full-length HDM and its 34 amino acid residue C-terminus bind directly to LPS and 
prevent subsequent immune responses in mice by significantly reducing the release of 
inflammatory mediators (TNF and IL-β) from macrophages (Robinson et al., 2011b). 
Furthermore, the full-length HDM can be internalized by macrophages and processed by 
lysosomal cathepsin L to release the C-terminus which impedes antigen processing by 
macrophages and prevents the transport of peptides to the cell surface in conjunction with MHC 
class II for presentation to CD4+ cells (Robinson et al., 2012). Therefore, initially it was 
expected HDM would also possess antimicrobial activities like CAP18 because the two shared 
the basic biochemical and functional properties known at the time. 
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Later studies, using bacterial lipopolysaccharide binding and antimicrobial assays, showed that 
HDM does not have cytotoxic, anti-microbial or anti-protozoan activities. However, HDM is 
involved in human immune responses such as suppression of macrophage activation by 
microbial stimuli, alteration of B cell responses to cytokine stimulation (Thivierge et al., 2013) 
and reduced release of inflammatory mediators from macrophages (Robinson et al., 2012). 
This suggests that HDM secreted by F. hepatica is similar to Human Defence Protein and able 
to suppress the immune responses of the mammalian host towards microbial infections that 
potentially harm newly excysted juvenile flukes as they traverse the host intestine.  
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1.4 Molecular dynamics (MD) simulation 
The specific protease that digests HDM within the host is unknown, and cathepsin L1 showed 
very inefficient digestion of HDM producing just two fragments, each of about 4 kDa, with a 
P2 Asp at its putative cleavage site in vitro (Robinson et al., 2012). Study of the cathepsin L 
protease interaction with a ligand having a P2 Asp allows the prediction of the specific 
cathepsin L isoforms that digest HDM in vivo.  Additionally, the relationship of the enzyme 
can also be predicted by an enzyme-ligand interaction study. In this case, a molecular dynamics 
simulation provides a cost- and time-efficient method to study enzyme-ligand interactions that 
mimic the actual molecular environment. 
 
1.4.1 Crystal structure of cathepsin L proteases 
The 3D structure of a protein can be obtained by several methods such as X-ray crystallography, 
NMR spectroscopy and electron microscopy. The majority of the structures deposited in the 
PDB have been determined using X-ray crystallography. X-ray crystallography data provides 
detailed atomic information (including every atom in a protein), ligands, inhibitors and any 
other molecules that are incorporated into the crystal. 
 
At the time of writing, a total of 229 crystal structures of cathepsin proteases have been 
deposited in the protein databank: of these 229 structures, only one was derived from F. 
hepatica (Stack et al., 2008) while the majority are derived from human proteases (117).  
 
1.4.2 Molecular modelling and MD simulations of cathepsin L proteases 
Several studies have been performed to investigate the structure and function of the Fasciola 
cathepsin L via molecular modelling. The only Fasciola cathepsin L crystal structure (PDB 
code 2O6X) deposited in the PDB is from clade 1, in the form of pro-cathepsin L1, with its 
Cys25 at the active site being mutated to Gly. In this study, the derived crystal structure of 
Fasciola procathepsin L1, human procathepsin L (PDB code 1CS8) and human cathepsin K 
(PDB code 1ATK) were used as 3D templates to construct the molecular model of cathepsin 
L2 based on homology for structure comparison (Stack et al., 2008).  
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Likewise, human pro-cathepsin L1 (PDB code 2O6X) was used as a template to construct 
molecular models of Fasciola cathepsin L2 and L5 based on homology. The models built were 
docked with the  tetrapeptide ligand QQDQ where Asp (D) is at P2, to explore the molecular 
basis for the unusual capability of cathepsin L5 to accept Asp at the P2 position (Norbury et 
al., 2012). This study proposed that the key requirement for P2 Asp acceptance in Fasciola and 
Human cathepsin L are a Glycine at residue 163 and a non-acidic residue at position 161 based 
on the homology modelling and docking calculations.  
 
2O6X has also been used as a template to create 3D models of wild-type Fasciola cathepsin 
L1 (Ferraro et al., 2016, Robinson et al., 2011a) and cathepsin L3 (Corvo et al., 2013, Ferraro 
et al., 2016, Hernandez Alvarez et al., 2015). Before 2O6X was available, the crystal structure 
of human cathepsin L1 (PDB code 1CS8) was used as the template to build the 3D model of 
Fasciola cathepsin L (Stack et al., 2007). 
 
While molecular modelling and docking allow structural comparisons, a molecular dynamics 
simulation enables the study of dynamic features and the behaviour of the molecules within a 
certain period of time, using  environmental parameters that mimic the actual conditions, a 
scenario which cannot be achieved by homology modelling and docking calculations (Karplus 
et al., 2002).  
 
Molecular simulations have been shown to be  successful in studying the substrate preference 
in Fasciola cathepsin L (Corvo et al., 2013, Robinson et al., 2011a) and in designing potential 
inhibitors (Hernandez Alvarez et al., 2015, Smith et al., 2016).  
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1.5 RNA interference (RNAi) 
To gain a deeper understanding of the overall function of Fasciola cathepsin L5 in parasitism 
and its potential substrates, including its involvement in the molecular pathways and networks 
at the proteomic level, RNA interference technology is employed aiming to knock-down 
cathepsin L5 specifically, allowing protein function studies by gene perturbation.  
 
Protein knockdown by gene silencing allows the study of the molecular pathways and networks 
of the targeted protein involved (Wu et al., 2014). Since gene regulation by a small RNA in C. 
elegans, known as microRNAs (miRNAs), was first discovered during the 1990s (Lee et al., 
1993, Wightman et al., 1993), miRNA has been manipulated to study gene function by down-
regulating the targeted gene.  
 
Small RNAs are recognised by their origins, structures, associated effector proteins and 
biological roles (Carthew et al., 2009). Based on these aspects, small RNAs are divided  into 
three classes in animals: microRNA (miRNA), short interfering RNA (siRNA) and PIWI-
interacting RNA (piRNA), with length ranges between 20 to 30 nucleotides (Ha et al., 2014). 
Short hairpin RNAs (shRNAs) are a type of small RNA designed and synthesised exogenously 
to achieve specific gene silencing via the RNAi mechanism. Hence, this review focuses on 
shRNA which is utilised in the current study. 
 
1.5.1 Short hairpin RNA (shRNA) 
ShRNA has been widely utilised in the studies of gene function by suppression of the targeting 
protein translation. Usually a human miR-30 or miR-E loop and a context sequence will be 
added to the stem of the hairpin which ensures precise Dicer cleavage and reduces off-target 
effects as Dicer recognition and specificity is increased by Drosha processing of these human 
stem loops (Gu et al., 2012). In addition, lower levels or no cytotoxic or cytostatic effects have 
been observed in studies using human miRNA-30 or miR-E sequences as the stem loop (Gu et 
al., 2012, Liu et al., 2013). shRNAs with miRNA context are usually named shRNAmirs. 
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shRNA is expressed in the nucleus, typically delivered into the nucleus by viral vectors, such 
as retroviruses, lentiviruses and adenoviruses which will be described in later sections. 
Furthermore, shRNA can also be transfected as plasmid, just like siRNA. After transcription 
of shRNA in the nucleus, the subsequent processing of the primary shRNA is similar to the 
processing of miRNA, which produces a siRNA of about 19-22 nucleotide (Snead et al., 2010). 
 
1.5.2 RNA-induced silencing complex (RISC) 
RISC is a ribonucleoprotein complex which consists of a small RNA guide strand that is bound 
to an Argonaute (AGO) protein. RISC induces all RNA silencing pathways. There are two 
steps involved in RISC assembly - loading of the mature double strand miRNA and subsequent 
unwinding (Kawamata et al., 2010). The guide strand is retained in the RISC to assist in target 
mRNA recognition while the passenger strand is discarded (Kawamata et al., 2010). AGO 
protein is located at the core of the RISC, which provides a unique platform for target mRNA 
recognition and silencing (Carthew et al., 2009, Ghildiyal et al., 2009, Kim et al., 2009). 
 
1.5.3 Criteria to design an effective shRNAmir for gene knock-down 
RISC is asymmetric, and prefers to accommodate the strand of the siRNA with the least 
thermodynamically stable 5’ terminus.  Therefore, the thermodynamic design of hairpins 
allows for a biased loading of the antisense strand into the RISC (Khvorova et al., 2003).  As 
a result, there is a decreased chance of off-target effects being induced by the sense/passenger 
strand and the prediction of possible off-targets can be made based on the antisense sequence 
(Sliva et al., 2010).  
 
RNAi commonly targets the sequence within the CDS or 3’ UTR of mRNA although its 
successful repression has been shown by targeting 5’UTR (Catalanotto et al., 2016, Deng et 
al., 2012, Mignone et al., 2002). The RNA interference resulted in higher repression in the 
coding region when the target configuration was stable, otherwise favouring the target at 
3’UTR (Lai et al., 2013). There have been a number of research studies that demonstrate that 
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shRNA targeting 3’ UTR is as effective as targeting the CDS (Hsieh et al., 2004, Krueger et 
al., 2007).  
 
The 3’UTR situated downstream of CDS contains sequences that are involved in gene 
expression, including microRNA response elements (MREs) (Vosa et al., 2015), AU-rich 
elements (AREs) (Plass et al., 2017) and the poly(A) tail (Mangone et al., 2010). These 
elements influence the gene expression by involvement in regulatory processes which includes 
transcript cleavage, stability and polyadenylation, translation and mRNA localisation. 
Compared to the 5’UTR which is responsible for translation initiation, the 3’UTR has fewer 
sequence constraints allowing greater variability of sequence (Siepel et al., 2005).  
 
Furthermore, the specificity of oligonucleotides located at the seed region is also crucial to 
produce an effective knock-down (Reynolds et al., 2004).  Similar to miRNA, the seed region 
of the shRNAmirs is defined as a sequence within positions 2-10 mer of the shRNA and a non-
seed sequence is any sequence downstream (Wang, 2014). Complementarity between the seed 
region of shRNA and 3’ of its target site in mRNA is the key determinant in recognition 
(Lambert et al., 2011). The construction of shRNAmirs and their seed regions are illustrated in 
Figure 1.9. 
 
 
42 
 
 
Figure 1.9 Architecture of the construct of shRNA designed within the miR-30 context. 
The N letters in black font show the sense strand while red fonts show the antisense strand of 
the shRNA sequence. (Figure adapted from Open Biosystems website (Biosystems)). 
 
1.5.4 Previous application of RNAi in trematodes 
The two most commonly used RNAi approaches to study the effects of gene silencing are 
siRNA and short-hairpin RNA (shRNA). Although siRNA and long double strand RNA 
approaches are the simplest, involving transfection of the interfering double stranded RNA 
directly into the cytoplasm of the cells (Moore et al., 2010), it has been shown that siRNA does 
not induce a long term effect in vivo in a study of gene silencing in the blood fluke, Schistosome 
mansoni (Krautz-Peterson et al., 2010). 
 
In the most recent short hairpin RNAi approach, the synthetic shRNA stem is embedded into 
the context of endogenous miRNAs, resulting in “shRNAmir” structures (Fellmann et al., 2013) 
which can increase target gene knockdown by up to 10-fold (Sliva et al., 2010). The expression 
of shRNAs as artificial primary miRNAs with a Drosha and Dicer processing site has been 
shown to diminish the cytotoxic effect of short hairpin RNA (McBride et al., 2008). In addition, 
Dicer recognition specificity is increased by endogenous Drosha processing (Lee et al., 2003, 
Vermeulen et al., 2005).  
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In F. hepatica, the RNAi approach has been applied to study the effects of cathepsin B and L 
proteases knock-down, which is achieved by soaking the NEJs in a solution containing 207 bp 
and 176 bp double stranded DNA, respectively.  The observation of the knock-down flukes 
after 2 h infection in rats revealed that the RNAi in NEJs can induce transient, abnormal 
locomotory phenotypes and significantly reduce penetration of the rat intestinal wall 
(McGonigle et al., 2008).  
 
In addition, robust transcriptional silencing of several F. hepatica virulence genes show that 
transcriptional suppression of all targeted genes can be readily achieved in a short period of 
time by both long and short dsRNA (McGonigle et al., 2008). However not all of the targeted 
protein translation was repressed within 25 days of the studies (McVeigh et al., 2014) which 
highlight the difficulties of utilising the transient gene knock-down approach to study the effect 
of knock-down at a proteomic level. 
 
To induce long-term RNAi, virus-based methods are employed to deliver the RNAi-triggered 
cassette into the nucleus of the cells, where it will be integrated into the host genome and the 
RNAi stably expressed. Several virus systems have been manipulated to develop this virus-
based RNAi delivery system, which include adenovirus, retrovirus, baculovirus and lentivirus 
(Sliva et al., 2010).  
 
Among these virus vectors, the lentivector is most prominent as it can transduce both arrested 
and dividing cells which maximises the knock-down efficiency (Trono, 2000). In consideration 
of the handling safety for these viruses, lentivectors were engineered so that they are incapable 
of self-replicating and the production of virions are strictly restricted to the packaging cell line 
only (Wu et al., 2000). Lentiviral vectors were successfully employed to transduce an 
shRNAmir expression cassette into the genome of blood flukes (Schistosoma mansoni) and the 
knock-down parasites were re-introduced into the definitive host, which allows the functional 
genomic-phenomic exploration of this parasite in vivo (Hagen et al., 2014).  
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1.6 Rationale for the project 
As F. hepatica is well-known to be able to modulate the immune responses of the host to create 
an environment that is beneficial for its parasitism and survival (Dalton et al., 2013), 
identifying the elements that play a role in host immune modulation is crucial to control the 
transmission of infections. Proteins involved in modulation of host immune responses often 
belongs to large families with complex developmental expression patterns, and have not all 
been identified (Molina-Hernandez et al., 2015).  In addition, although some experimental 
vaccines have been shown to be protective, results are inconsistent among studies, and there is 
no commercial vaccine available or in clinical trials (Molina-Hernandez et al., 2015). 
Characterisation of new targets for drugs and vaccines is therefore essential for future control 
of fasciolosis in humans and animals. 
 
The current study is focused on investigating the function of F. hepatica cathepsin L5 in host 
immune modulation. F. hepatica secretes different isoforms of cathepsin L proteases which are 
life-stage specific and are potential targets for control. Among ES materials of adult F. hepatica, 
cathepsin L1, L2 and L5 are the only proteases secreted (Robinson et al., 2009b). Specific 
substrates of cathepsin L1 and L2 are well-studied among which are haemoglobin (Lowther et 
al., 2009) and collagen (Robinson et al., 2011a) respectively. Cathepsin L5 has been 
demonstrated to share a range of substrates with other cathepsin L isoforms (Norbury et al., 
2012) including cathepsin L1 and L2, with varying efficiency (Norbury et al., 2012). However, 
profiling of substrate preference at the active site of cathepsin L5 and molecular modelling 
studies suggest that cathepsin L5 might have specific substrates, as it has a strong preference 
for  an aspartic acid at its P2 position (Norbury et al., 2012), which is unique among the 
cathepsin L isoforms. 
 
HDM is a host immunomodulatory peptide secreted by F. hepatica that has been shown to have 
the ability to suppress immune responses of the host against the microbial stimuli that 
potentially cause infection while newly excysted juvenile parasites traverse the intestine of the 
host. Cathepsin L1 has been shown to have the ability to cleave HDM and release a bioactive 
C-terminus, although the efficiency is rather low (Robinson et al., 2011b). Analysis of the 
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HDM amino acid sequence suggests that cathepsin L5 might be the specific enzyme to digest 
HDM because there is an aspartic acid near the putative cleavage site of HDM that corresponds 
to the P2 position of the cathepsin L.  
 
In addition, homology modelling and docking calculations suggest that the Asp P2 preference 
of cathepsin L5 is due to a glycine at position163 and a non-acidic 161 residue (Norbury et al., 
2012). However, the influence of a Glycine at 163 on the activity of cathepsin L proteases has 
not yet been evaluated in vitro. 
 
Understanding the factors that contribute to the unique substrate preference of cathepsin L5 is 
essential to the design of vaccines/inhibitors against fasciolosis. Cathepsin L protease isoforms 
possess highly similar amino acid sequences although the sequence at enzyme active sites 
shows most variation, and divides them into different isoforms (Stack et al., 2011). Thus, the 
structure of the enzyme active site among isoforms will define their different substrate 
preferences.  
 
The details and extent of cathepsin L5 involvement in host immune response modulation needs 
to be answered to design an effective vaccine or drug. In addition, a full explanation of how 
cathepsin L5 modulates the immune response of the host may reveal other potential vaccine 
candidates. 
 
Hence, the objectives of the current study are: 
1. To demonstrate that cathepsin L5 is the preferred enzyme to digest HDM in vitro. 
2. To investigate the influence of glycine 163 for the acceptance of an Asp at position P2 of 
cathepsin L1 and L5.  
3. To identify determinants of P2 Asp preference other than G163 of cathepsin L5. 
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4. To study the interaction of cathepsin L proteases with peptide ligand RDR 
computationally. 
5. To develop and validate short-hairpin RNAs targeting cathepsin L5 for gene perturbation 
studies in the future. 
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Chapter 2  
GENERAL MATERIALS AND METHODS 
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2.1 General chemicals 
7-Amino-4-methylcoumarin (AMC): 1 mM AMC (Sigma-Aldrich, Germany) was prepared 
freshly in DMSO. 
Acqua instant protein stain: (Bulldog Bio Inc., USA), stored at RT. 
Acrylamide/bisacrylamide (29:1 and 19:1) solution: (Amresco, USA), stored at 4 °C. 
Agarose gel: Molecular grade agarose (Bio-Rad Laboratories, USA) gel prepared in 1 x TAE 
buffer. 
Amino acids: 1% stock of uracil (Sigma-Aldrich, Germany), lysine (Sigma-Aldrich, 
Germany), cysteine (Sigma-Aldrich, Germany) were prepared in miliQ water and sterilized by 
autoclave and stored at 4 °C. 
Ampicilin: (CSL, Australia) 100 mg/mL stock prepared in miliQ water, filtered through a 0.22 
µM filter, aliquots were stored at -20 °C.  
Acetic acid: (Merck, Germany), stored at RT. 
Bacteriological agar powder: (Oxoid, England), stored at RT. 
Bovine Serum Albumin (BSA) lyophilized powder: (Sigma-Aldrich, Germany), stored at 
4 °C. 
Calcium chloride (CaCl2): 2M stock (Sigma-Aldrich, Germany) was prepared in miliQ water 
and aliquot stored at -20 °C. 
Chlormphenicol: 34mg/mL chloramphenicol (Sigma-Aldrich, Germany) was prepared in 96 % 
ethanol (Merck, Germany) and filtered using a 0.22 µM filter and the aliquots stored at -20 °C.  
Coomassie Brilliant Blue G-250: (Sigma-Aldrich, Germany) 
Dimethyl sulfoxide (DMSO): (Merk, Germany), stored at 4 °C. 
Ethidium Bromide (EtBr) bath: 0.5 µg/mL EtBr (Sigma-Aldrich, Germany) was prepared in 
distilled water and kept at RT. 
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E-64 protease inhibitor: 1mM E-64 (Sigma-Aldrich, Germany) was prepared in miliQ water, 
aliquots stored at -20 °C. 
Glycerol: 50 % (v/v) glycerol (BDH, USA) was prepared in miliQ water, autoclave sterilised 
and stored at RT.  
Skim milk powder: (Bolnac Foods Limited, Australia), stored at RT. 
Sodium acetate (NaOAc): 3M NaOAc stock solution was prepared in miliQ water, pH 
adjusted to 4.5 and stored at RT. 
Sodium chloride (NaCl): 5M NaCl (BDH, USA) stock was prepared in miliQ water and stored 
at RT. 
Dextrose: (BDH, USA), stored at room temperature. 
Dimethyl Sulfoxide (DTT): (Merck, Germany), aliquot stored at at 4 °C. 
Ethylenediaminetetra-acetate (EDTA): 1M EDTA (BDH, USA) stock was prepared with 
miliQ water and stored at RT.  
Fetal Bovine Serum (FBS): (Gibco, USA), stored at at -20 °C. 
GlutaMAX™ Dulbecco’s Modified Eagle Media (DMEM): (Gibco, USA), stored at 4 °C. 
Goat anti-rabbit IgG-AP: (ABCAM, England), stored at 4 °C 
Hygromycin B (50 mg/mL): (Invitrogen, USA), stored at 4 °C. 
Imidazole: 1 M imidazole (Sigma-Aldrich, Germany) stock was prepared in miliQ water and 
filtered through a 0.45 µM filter. Solution stored at 4 °C in a dark bottle. 
Iminodiacetic acid Sepharose®: (Sigma-Aldrich, Germany), stored at 4 °C. 
Isopropyl-β-D-thiogalactopyranoside (IPTG): 1 M IPTG (Progen, Australia) stock prepared 
in miliQ water, filtered through a 0.22 µM filter and aliquots stored at -20 °C. 
Kanamycin sulfate: 50 mg/mg stock of kanamycin (Sigma-Aldrich, Germany) was prepared 
by made up to volume with miliQ water, filtered through a 0.22 µM filter and aliquots were 
stored at -20 °C.  
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Lambda (λ) DNA- pstI DNA marker: Lamda DNA (Promega, USA) digested with pstI 
(Promega, USA) at 37 °C overnight and aliquots stored at -20 °C. 
Lipofectamine ® 2000 Transfection Reagent: (Invitrogen, USA), stored at -20 °C.  
Lysozyme: 1 mg/mL lysozyme (Amresco, USA) stock solution was freshly prepared, made up 
to volume with miliQ water.  
Magnesium sulphate (MgSO4): 0.5 M MgSO4 (Amresco, USA) stock solution was prepared 
in miliQ water and stored at RT. 
Monosodium phosphate (NaH2PO4): 0.5 M NaH2PO4 (Sigma-Aldrich, Germany) stock 
solution was prepared in miliQ water and stored at 4 °C.  
Mouse anti-His IgG: (GE Healthcare, Sweden), stored at -20 °C. 
Nickel sulfate (NiSO4): 0.2 M NiSO4 (BDH, USA) stock was prepared, filtered through a 
0.45 µM filter and stored at RT. 
Opti-MEM® 1 (Reduced Serum Medium): (Gibco, USA), stored at 4 °C. 
Penicilin-Streptomycin (100000 U/mL): (Gibco, USA), stored at 4 °C. 
Pecision Plus Protein™ Kaleidoscope™ Prestained Protein Standards: (Bio-Rad 
Laboratories, USA), 10 µL per well. Stored at -20 °C.  
Pecision Plus Protein™ Unstained Standards: (Bio-Rad Laboratories, USA), 10 µL per well. 
Stored at -20 °C.  
Peptone: (Oxoid, England), stored at RT. 
Phosphate Buffered Saline (PBS): PBS solution was prepared from PBS tablets (Oxoid, 
England) in miliQ water and sterilized by autoclave and stored at RT. 
Piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES): (Sigma-Aldrich, Germany), stored at 
RT. 
Potassium Chloride (KCl): 1 M stock of KCl (Sigma-Aldrich, Germany) was prepared in 
miliQ water and stored at 4 °C. 
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T4 DNA ligase: (New England Biolabs, USA), stored at -20 °C. 
Trans-Lentiviral Packaging kit: (Dharmacon, United States), stored at -20 °C. 
Tris Buffered Saline (TBS): 1 x TBS solution was prepared from TBS tablets (Astral 
Scientific, Australia) in miliQ water, stored at RT. 
Tris-HCl: (Amresco, USA), stored at RT. 
Triton-X 100: (Sigma-Aldrich, Germany), stored at RT. 
Trypan blue stain: 0.4 % (Life Technologies, USA), stored at RT. 
Trypsin-EDTA (0.05 %), phenol red: (Gibco, USA), aliquots stored at -20 °C. 
Tryptone: (Oxoid, England), stored at RT. 
Western Blue® stabilized substrate for alkaline phosphatase: (Promega, USA), stored at 
4 °C. 
Yeast extract: (Oxoid, England), stored at RT. 
Yeast nitrogen base: (Oxoid, England), stored at RT. 
Z-Asp-Arg-AMC: (Auspep Pty Ltd, Australia), 50 mM stock prepared in DMSO and aliquots 
were stored at -20 °C.  
Ac-Arg-Leu-Arg-AMC: (R&D systems, USA), 50 mM stock prepared in DMSO and aliquots 
were stored at -20 °C.  
Zeocin ™ (1g/mL): (InvivoGen, US), stored at -20 °C. 
 
 
 
 
 
52 
 
2.2 Commercial kit, general reagent and buffer solutions used 
Bacterial chemical transformation buffer: 10 mM PIPES, 15 mM CaCl2, 250 mM KCl pH 
adjusted to pH 6.7 and MnCl2 was added to a final concentration of 55 mM. Aliquots were 
stored at -20 °C.  
Binding buffer A: 25 mM NaH2PO4 (pH 7.6), 0.5 M NaCl, 1 mM imidazole, made up to 
volume with miliQ water and stored at -20 °C. 
Binding buffer B: 50 mM Tris-HCl (pH 8), 300 mM NaCl, 10 mM Imidazole. Made up to 
volume in miliQ water. 
Blocking buffer: 5% skim milk (w/v) in 1 x TBS. 
Bradford assay reagent: 0.1 mg/mL Coomassie Brilliant Blue G-250 dissolved in 50 mL of 
4.75 % (v/v) ethanol and 8.5 % (v/v) phosphoric acid. Filtered through a 0.45 µM filter and 
stored at 4 °C. 
Buffer A: 25 mM acetic acid, 1 mM EDTA. Adjust to desired pH with NaOH. 
Buffer 1: 2.5 % (v/v) triton-100. Made up to volume in miliQ water. 
Buffer 2: 0.1 % sodium acetate (w/v). Made up to volume in miliQ water and 
 2mM fresh DTT was added before use. 
Digestion buffer A: 0.1 M sodium acetate (pH 4.5), 1 mM EDTA, 1 mM DTT. Made up to 
volume in miliQ water. The integrity of the disulphide bonds in the proteins is not tested in the 
presence of 1 mM DDT. 
Digestion buffer B: 0.1 M sodium phosphate (pH 7.3), 1mM EDTA, 1mM DTT. Made up to 
volume in miliQ water. 
Elution buffer 1: 25 mM monosodium phosphate (pH 7.6), 0.5 M NaCl, 250 mM Imidazole. 
Made up to volume in miliQ water. 
Elution buffer 2: 50 mM Tris-HCl (pH 8), 300 mM NaCl, 500 mM Imidazole. Made up to 
volume in miliQ water. 
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Enzyme buffer A: 100 mM acetic acid (pH 4.5), 1mM EDTA. Made up to volume in miliQ 
water and pass through 0.45 µM. Add 10 mM cysteine before use. 
Enzyme buffer B: 0.1 M sodium phosphate (pH 7.3), 1 mM EDTA. Made up to volume in 
miliQ water and pass through 0.45 µM. Add 10 mM cysteine before use. 
EZ-Yeast Transformation kit: (Zymo research, USA) 
iScript cDNA synthesis kit: (Bio-Rad Laboratories, USA) 
ISOLATE II PCR and Gel Kit: (Bioline, UK) 
ISOLATE II Plasmid Mini Kit: (Bioline, UK) 
ISOLATE II RNA Mini Kit: (Bioline, UK) 
Lysis buffer: 50 mM Tris-HCl (pH 8), 50 mM NaCl, 10 mM Imidazole, 0.25 mg/mL lysozyme, 
made up to volume in miliQ water. Made fresh. 
MyTaq™ Red Mix taq polymerase PCR kit: (Bioline, UK)  
Non-reducing loading buffer (5x): 60 mM Tris (pH 6.8), 25 % (v/v) glycerol, 2 % (w/v) SDS, 
0.1 % (w/v) bromophenol blue. 
High-fidelity pfu DNA polymerase PCR kit: (New England Biolabs, US) 
SDS protein loading buffer (5x): 60 mM Tris (pH 6.8), 25 % (v/v) glycerol, 2 % (w/v) SDS, 
14.4 mM β-mercaptoethanol, 0.1 % (w/v) bromophenol blue. Aliquot stored at -20 °C. 
SDS-PAGE separating gel (12.5 %): 375 mM Tris-HCl (pH8.8), 1 % SDS, 15 % 29:1 
acrylamide/bis, made up to volume in miliQ water. Gel was polymerised by addition of 0.05 % 
(w/v) ammonium persulphate and 0.1 % (v/v) TEMED. 
SDS-PAGE stacking gel (4 %): 125 mM Tris-HCl (pH 6.8), 1 % (w/v) SDS, 4 % 29:1 
acrylamide/bis, made up to volume in miliQ water. Gel was polymerised by addition of 0.05 % 
(w/v) ammonium persulphate and 0.1 % (v/v) TEMED. 
SDS-PAGE running buffer: 25 mM Tris and 192 mM glycine (pH 8.3), 0.1 % (w/v) SDS, 
made up to volume in miliQ water. 
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SensiFast SYBR No-Rox kit: (Bioline, UK) 
Stripping buffer: 50 mM EDTA (pH 7), 0.5 M NaCl  
Tris-Acetate-EDTA (TAE) electrophoresis buffer: 40 mM Tris-HCl (pH 8), 20 mM acetic 
acid, 2 mM EDTA, made up to volume in miliQ water. 
Tricine SDS-PAGE separating gel (18 %): 30 % ethylene glycol (v/v), 0.75 M Tris-HCl 
buffer (pH 8.45), 18 % 19:1 acrylamide/bis, made up to volume in miliQ water. Gel was 
polymerised by addition of 0.05 % (w/v) APS and 0.1 % (v/v) TEMED. 
Tricine SDS-PAGE stacking gel (5%): 0.75 M Tris-HCl buffer (pH 8.45), 0.075 % (w/v) 
SDS, 16 % 29:1 acrylamide/bis, made up to volume in miliQ water. Gel was polymerised by 
addition of 0.05 % (w/v) APS and 0.1 % (v/v) TEMED. 
Tricine SDS-PAGE running buffer: 0.1 M Tris base and 0.1 M Tricine (pH 8.3), 0.1 % (w/v) 
SDS, made up to volume in miliQ water. 
Turbo DNA-free™ kit: Life Technologies, USA  
Wash buffer: 25 mM NaH2PO4 (pH 7.6), 0.5 M NaCl, 10 mM Imidazole. Made up to volume 
in miliQ water. 
Wash buffer 1: 50 mM Tris-HCl (pH 8), 300 mM NaCl, 10 mM Imidazole. Made up to volume 
in miliQ water. 
Wash buffer 2: 50 mM Tris-HCl (pH 8), 300 mM NaCl, 100 mM Imidazole. Made up to 
volume in miliQ water. 
Wash buffer 3: 50 mM Tris-HCl (pH 8), 300 mM NaCl, 200 mM Imidazole. Made up to 
volume in miliQ water. 
Wash buffer 4: 50 mM Tris-HCl (pH 8), 300 mM NaCl, 400 mM Imidazole. Made up to 
volume in miliQ water. 
Wash buffer 5: 50 mM Tris-HCl (pH 8), 300 mM NaCl, 500 mM Imidazole. Made up to 
volume in miliQ water. 
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2.3 General media used 
Super optimal broth (SOB): 0.5 % (w/v) yeast extract, 2 % (w/v) tryptone, 10mM NaCl, 2.5 
mM KCl, 20 mM MgSO4. Made up to volume with dH2O and sterilized by autoclave. 
SOC media: 0.5 % (w/v) yeast extract, 2 % (w/v) tryptone, 10mM NaCl, 2.5 mM KCl, 20 mM 
MgSO4, 20 mM dextrose. Made up to volume with dH2O and sterilized by autoclave. Dextrose 
was prepared separately, sterilized by filtered with a 0.22 µM filter and added into the mixture 
after cooled to RT. 
Super rich media: 50 mM Tris at pH 7.6, 1 % (w/v) yeast extract, 2.5 % (w/v) tryptone, 0.5 % 
(w/v) dextrose, 40 mM MgSO4. Made up to volume with dH2O and sterilized by autoclave. 
Dextrose was prepared separately, sterilized by filtered with a 0.22 µM filter and added into 
the mixture after cooled to RT. 
Luria-Bertani (LB) broth media: 1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 1% (w/v) 
NaCl. Made up to volume with dH2O and sterilized by autoclave. 
Luria-Bertani (LB) agar: 1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 1% (w/v) NaCl, 1.5 % 
(w/v) bacteriological agar. Made up to volume with dH2O and sterilized by autoclave. 
Minimal media + uracil + lysine (MM + UL): 10 x media containing 0.67 % (w/v) yeast 
nitrogen base, 2 % (w/v) dextrose, 0.002 % (w/v) uracil, 0.003 % lysine was made to the 
volume with dH2O and sterilized by filtered with a 0.22 µM filter. 
Yeast expression media (YPHSM): 1 % yeast extract, 8 % (w/v) peptone, 1 % (w/v) dextrose, 
3 % (w/v) glycerol, 20 mM CaCl2. Only yeast extract and peptone were autoclaved together. 
Glycerol and CaCl2 were added from autoclaved stock solution. Dextrose was prepared 
separately, sterilized by filtered with a 0.22 µM filter and added into the mixture after cooled 
to RT. 
Yeast extract peptone dextrose (YPD) broth media: 1 % (w/v) yeast extract, 2 % (w/v) 
peptone, 2 % (w/v) dextrose. Dextrose was prepared separately, sterilized by filtered with a 
0.22 µM filter and added into the mixture after cooled to RT. 
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YPD agar: 1 % (w/v) yeast extract, 2 % (w/v) peptone, 2 % (w/v) dextrose, 1.5 % (w/v) 
bacteriological agar. Dextrose was prepared separately, sterilized by filtered with a 0.22 µM 
filter and added into the mixture after cooled to RT. 
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2.4 Laboratories instruments  
A1 confocal microscopy system: Nikon, Japan 
Allegra™ 21 R centrifuge: Beckman Coulter, USA 
Analytical balance (0.01-210g): ISSCO, Australia 
Avanthi™ J25I centrifuge: Beckman Coulter, USA 
BioPhotometer UV-visible spectrophotometer: Eppendorf, Germany 
Countess® automated cell counter: Life Technologies, USA 
Dry block heater: Memmert Co., Germany 
Electrophoresis power supply (Power PAC 300): Bio-Rad Laboratories, USA 
Electrophoresis Unit (mini gel): Bio-Rad Laboratories, USA 
Eppendorf centrifuge 5810 and 5415D: Eppendorf, Germany 
GelDoc imaging system: Bio-Rad Laboratories, USA 
GStorm® PCR system: Gene Works, Australia 
iBlot dry gel transfer device: Life Technologies, USA 
iMark™ Microplate Absorbance Reader: Bio-Rad Laboratories, USA 
Inverted microscope: Olympus Corporation, USA 
NanoDrop Lite Spectrophotometer: Invitrogen, USA 
pH Lab meter: Metrohm, Switzerland 
POLARstar Omega microplate reader: BMG labtech, Germany 
Rotor-Gene Q real-time PCR machine: Hilden, Germany 
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2.5 Yeast strains, bacteria strains, plasmids and cells used 
2.5.1 Yeast strains 
Table 2. 1 Genotype of yeast strain used for the study 
Name Description/genotype Source 
Saccharomyces cerevisae 
BJ3505 
MATα ura3-52 trp 1-Δ101 
lys2-208 gal2 can1 
pep4::HIS3 prbΔ1.6R 
Eastman Kodak, USA 
 
2.5.2 Bacterial strains 
Table 2.2 Genotype of bacterial strain used for the study 
Name Description/genotype Source 
Escherichia coli 
BL21(DE3)pLysS 
E. coli B F- dcm ompT hsdS 
(rB- mB-) gal λ(DE3)[pLysS 
CamR] 
Invitrogen Corporation, 
USA 
E. coli DH5α F’/endA1 hsdR17(rk-,mk+), 
supE44 thi-1 recA1 gyrA96 
(NalR) relA1 
Δ(lacZYAargF) U169 Ф 80d 
lacZ_M15 
Lab stock 
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2.5.3 Cloning and expression plasmids 
Maps of cloning and expression plasmids given by manufacturer are illustrated in Figure 2.1 
to Figure 2.7. 
Table 2. 2 List of plasmids used. 
Name Description/Genotype Source Diagram 
pET-28a(+) 5.3 kbp bacterial vector for expression of 
N-terminally 6xHis-tagged proteins with a 
thrombin site, T7 promoter, 
T7termination, lacL, KanR 
Merck, USA Figure 2.1 
YEpFLAG 7.2 kbp shuttle vector between bacterial 
cloning vector and yeast expression 
vector, AmpR, TRP2, 2µ origin of 
replication, FLAG sequences, ADH2 
promoter and CYC terminator. 
Eastman 
Kodak, USA 
Figure 2.2 
pUC57 2.7 kbp, cloning plasmid, AmpR, lacZ GenScript, 
USA 
Figure 2.3 
pMK-RQ 2.3 kbp, cloning plasmid, KanR, Col E1 
origin of replication. 
GeneArt, 
Germany 
Figure 2.4 
pcDNA5frt/EGFP/
N1 (CAT) 
6.5 kbp, GFP expression vector, CMV 
promoter, SV40 polyA, BGH polyA, 
AmpR, chloramphenicol acetyltransferase, 
HygR, FRT site. This plasmind was used 
for mammalian expression. 
Life 
Technologies, 
USA 
Figure 2.5 
pOG44 5.7 kbp, Flp recombinase expression 
vector designed for use with the Flp-In™ 
system, human CMV promoter, AmpR. 
This plasmind was used for mammalian 
expression. 
Life 
Technologies, 
USA 
Figure 2.6 
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pGIPZ 11 kbp, shRNA expression vector, human 
CMV, tGFP, IRES, PuroR, WPRE, 3’SIN 
UTR, SV40 ori, AmpR, Ѱ, RRE. This 
plasmind was used for mammalian 
expression. 
GE 
Healthcare, 
UK 
Figure 2.7 
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2.5.4 Cell line 
Table 2. 3 List of cell line used for the study. 
Name Description Source 
Flp-In™ CV-1 Contains a single stably integrated FRT 
site, Zeocin™ resistance. This cell line 
was used to develop cell lines 
expressing cathepsin L2 and cathepsin 
L5 for RNAi validation. A single copy 
of the cathepsin gene was incorporated 
into the genome of the Flp-In CV-1 
cells at a Flp recombinase target site to 
produce stable baseline expression.  
Cell lines expressing cathepsin L 
protease were developed to test the 
specificity of the novel shRNAmirs. 
The cell lines expressing cathepsin L 
protease were transfected with 
shRNAmir carried by the lentiviral 
vector. Subsequently, the expression of 
cathepsin L protease in the shRNAmir-
treated cells was compared with cell 
lines treated with a non-silencing (NS) 
short-hairpin. 
 
Invitrogen, USA 
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Figure 2. 1 Bacterial vector, pET-28a(+). For expression of N-
terminally 6xHis-tagged proteins with a thrombin site, 5.3 kbp, 
T7 promoter, T7termination, lacL, KanR. 
 
 
Figure 2. 2 Shuttle vector between bacterial cloning vector and 
yeast expression vector, YEpFLAG. 7.2 kbp, AmpR, TRP2, 2µ 
origin of replication, FLAG sequences, ADH2 promoter and CYC 
terminator. 
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Figure 2. 3 Cloning plasmid, pUC57. 2.7 kbp, AmpR, lacZ 
 
 
Figure 2. 4 Cloning plasmid with shRNA insert. 2.7 kbp, 
KanR,Col E1 origin 
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Figure 2. 5 GFP expression vector. CMV promoter, 6.5 
kbp, SV40 polyA, BGH polyA, AmpR, chloramphenicol 
acetyltransferase, HygR, FRT site. 
 
 
Figure 2. 6 Flp recombinase expression vector. Designed 
for use with the Flp-In™ system, human CMV promoter, 
AmpR. 
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Figure 2. 7 shRNA expression vector. 11 kbp, human CMV, tGFP, IRES, PuroR, WPRE, 3’SIN UTR, SV40 ori, AmpR, Ѱ, RRE.
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2.6 Microbiological methods 
2.6.1 Preparation of chemically competent Escherichia coli 
A single colony of E. coli strain DH5α was picked from a fresh plate and inoculated into 5 mL 
of SOB medium. The culture was incubated overnight at 37 °C in an incubator shaking at 200 
rotations per minute (rpm).  The following day, 1 mL of the culture was inoculated into 100 
mL of fresh SOB medium in a flask and further incubated under the same culturing conditions, 
until the cell density achieved OD600 of 0.6. The flask was transferred onto ice for 10 min and 
decanted into ice cold 50 mL centrifuge tubes for centrifuging at 2500 x g for 10 min at 4 °C. 
Supernatant was discarded and the pellet was gently resuspended in 40 mL of ice cold 
Bacterial chemical transformation buffer.  The suspension was centrifuged and the 
supernatant was discarded again before 5 mL of ice cold Bacterial chemical transformation 
buffer was added and the mixture incubated on ice for 5 min.  The cell suspension was mixed 
gently with 187 μL of high purity DMSO and placed on ice for 5 min (this step was repeated 
twice). Finally, 100 μL of the cell suspension was aliquot into ice cold sterile microfuge tubes 
and the tubes were snapped frozen in liquid nitrogen.  The aliquots were stored at -80 °C until 
use.  
 
2.6.2 Transformation of chemically competent E. coli 
Chemically competent cells E. coli strain DH5-α were thawed slowly on ice for about 5-10 min. 
The cell suspension was mixed gently by flicking tube and 50 ng of the plasmid DNA was 
added. The mixture was flicked again and placed on ice for 15 min. The competent cells were 
heat-shocked by placing the tube of cells in a 42 °C dry block heater for 50 s and then quickly 
transferred back on ice for 2 min. The cells were mixed with 900 μL of SOC and incubated at 
37 °C in an incubator shaking at 220 rpm for  45 min before 100 μL of the cells were plated on 
LB agar plate with appropriate antibiotics. After plating with the transformation mixture, the 
agar was incubated overnight at 37° C. 
 
2.6.3 Selection of bacterial transformants 
Positive transformant of pFLAG, pUC57, pcDNA5/FRT, pOG44 and pGIPZ were selected and 
maintained by plating the bacterial suspension on a LB agar plate supplemented with 100 
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μg/mL final concentration of ampicillin.  Positive transformant of pMK-RQ and pET-28a(+) 
vector clones were selected and maintained by plating the bacterial suspension on a LB 
supplemented with 50 μg/mL final concentration of kanamycin. 
 
2.6.4 Bacterial and yeast culture conditions  
All E. coli strains were grown in LB broth or agar media and incubated at 37 °C for 16 to 20 h 
with the exception of E. coli DH5-α carrying pGIPZ clones, which were grown in 2 x of low 
salt LB broth and incubated at 30 °C.  Broth bacterial cultures were shaken at 200 rpm. Yeast 
strain BJ3505 was grown in YPD broth or agar media and incubated at 30 °C for 3 days. Broth 
yeast cultures were shaken at 160 rpm. 
 
2.6.5 Bacteria and yeast storage conditions 
For long term storage of bacteria and yeast culture, glycerol was added into the cultures at its 
late log phase to a final concentration of 20 % (v/v) in a cryovial. Cell suspensions were mixed 
thoroughly and stored at -80 °C. 
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2.7 Molecular biological methods 
2.7.1 Plasmid DNA extraction from bacterial cells 
Plasmid DNA was extracted using ISOLATE II Plasmid Mini Kit following manufacturer’s 
instructions. Briefly, a single colony was picked from selective agar media and inoculated into 
5 mL of broth selective media. The inoculum was incubated as described at 2.5.4 and pelleted 
at 2000 x g for 5 min at 4 °C. The supernatant was discarded and the bacterial pellet was used 
for plasmid extraction or kept at -20 °C until use. 
 
2.7.2 DNA extraction from yeast colony 
A single colony was picked from selective agar plate and inoculated into 30 µL of 0.2 % SDS. 
The cell suspension was vortexed vigorously for about 15 s followed by heating in a heat block 
at 90 °C for 4 min. Then, the cell suspension was spun down for 1 min at 10000 x g and the 
supernatant was collected into a new microfuge tube. One microliter of the supernatant was 
used as DNA template for PCR using pfu polymerase to screen for positive transformants. 
 
2.7.3 Quantification of nucleic acid 
DNA and RNA concentrations were determined using a NanoDrop spectrophotometer by 
measuring absorbance at 230 nm, 260 nm and 280 nm. 
 
2.7.4 Polymerase Chain Reaction (PCR) 
2.7.4.1 General PCR 
MyTaq Red Mix taq polymerase PCR reagents and Phusion High-fidelity pfu DNA polymerase 
was used for general DNA fragments detection and for amplification of DNA sequence at high 
fidelity, respectively. PCR reaction mix and programs of both polymerases used are listed in 
Table 2.11 to Table 2.14. The total volume of each PCR reaction was 50 μL. 
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Table 2. 4 Standard PCR reaction mixture for taq polymerase 
PCR reagent Final concentration 
Nuclease free water N/A 
Primer 0.4 μM each 
MyTaq Red Mix, 2 x 1 x 
DNA template 10-100 ng 
 
Table 2. 5 Standard PCR program setup for taq polymerase 
Step Temperature  Time  Cycles 
Initial denaturation 95 °C 1 min 1 
Denaturation 95 °C 15 s 35 
Annealing Dependent on the 
primer sequence 
15 s 35 
Extension 72 °C Dependent on the 
amplicon size 
35 
Final Extension 72 °C 5 min 1 
 
Table 2. 6 Standard PCR reaction mixture for pfu polymerase 
PCR reagent Final concentration 
Nuclease free water N/A 
5 x Phusion HF buffer 1 x 
dNTPs 200 μM 
Primers 0.5 μM each 
DNA template < 250 ng 
Pfu polymerase 1 U 
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Table 2. 7 Standard PCR reaction program setup for pfu polymerase. 
Step Temperature Time Cycles 
Initial denaturation 98 °C 30 s 1 
Denaturation 98 °C 10 s 35 
Annealing Dependent on the 
primer sequence 
30 s 35 
Extension 72 °C Dependent on the 
amplicon size 
35 
Final Extension 72 °C 5 min 1 
 
2.7.4.2 Reverse transcription PCR 
The concentration and the quality of the total RNA after DNase treatment (to eliminate as much 
genomic DNA as possible) was estimated using nanodrop. For cDNA synthesis, 1 µg of total 
RNA was used in a 20 µL total reaction as listed in the Table 2.15 using iScript cDNA 
synthesis kit and the settings for reverse transcription PCR is listed in Table 2.16. 
 
Table 2. 8 cDNA synthesis mixture 
Reagent Volume (µL)  
iScript supermix 4 
Template N/A 
RNase free water Top up to 20 
 
Table 2. 9 Reverse transcription PCR program 
Step Temperature Time 
Priming 25 °C 5 min 
Reverse transcription 46 °C 20 min 
Reverse transcriptase inactivation 95 °C 1 min 
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2.7.5 Agarose gel electrophoresis 
Agarose gels of 1% and 1.5 % were used to separate and view DNA fragments. The gel was 
prepared by dissolving the agarose powder in 1 x TAE buffer before being cast into gel moulds. 
DNA samples were mixed with 6 x loading buffer and loaded into the wells of agarose gel and 
electrophoresis was carried out with an appropriate DNA marker in an adjacent lane. Gels were 
ran in 1 x TAE buffer at voltage of 100 V and stained with ethidium bromide (3 μg/mL) post-
electrophoresis.  Gels were destained in running tap water for 10 min before DNA was being 
visualised and photographed using a Biorad Geldoc imaging system. 
 
2.7.6 Endonucleases digestions 
Endonucleases were purchased from New England Biolabs (NEB), the list of endonucleases 
used, the digestion conditions and the availability of heat inactivation for each endonucleases 
are listed in Table 2.17. Endonuclease digestions were set up according to the manufacturer’s 
instruction and most of the enzyme activities can be heat inactivated at the temperature stating 
in the Table 2.17 for 20 min.  
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Table 2. 10 List of endonucleases used in the current study 
Endonuclease Buffer Optimal incubation 
temperature 
Heat inactivation 
temperature 
ApaI CutSmart 25 °C 65 °C 
BamHI NEB 3 37 °C N/A 
ClaI CutSmart 37 °C 65 °C 
EcoRI-HF CutSmart 37 °C 65 °C 
HindIII NEB 2 37 °C 80 °C 
MluI NEB 3 37 °C 80 °C 
NotI-HF CutSmart 37 °C 65 °C 
SacII CutSmart 37 °C 65 °C 
XhoI CutSmart 37 °C 65 °C 
 
 
2.7.7 DNA purification 
PCR products were purified from agarose gel or directly from PCR products by using 
ISOLATE II PCR and Gel Kit. Purification was carried out according to the manufacturer’s 
instructions, with DNA purification from agarose gels involving steps to dissolve and remove 
polyacrylamide before being subjected to the steps for DNA clean up from PCR products.  
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2.7.8 DNA ligation 
DNA ligations were carried out using T4 DNA ligase according to the manufacturer’s 
instructions.  The amount of insert DNA and vector DNA required were calculated using the 
following formula: 
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑚𝑎𝑠𝑠 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑔)
=
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑖𝑛𝑠𝑒𝑟𝑡
𝑣𝑒𝑐𝑡𝑜𝑟 𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜
𝑥
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟
𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 𝑡𝑜 𝑣𝑒𝑐𝑡𝑜𝑟 𝑙𝑒𝑛𝑔𝑡ℎ
 
Ligation reactions were incubated overnight at 16 °C. 
 
2.7.9 DNA sequencing 
Purified plasmid DNA was provided at a concentration of between 600-1500 ng in nuclease-
free water at a total volume of 12 μL, including 9.6 pmol of sequencing primer. 
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2.8 Protein methods 
2.8.1 Dialysis 
Prior to IMAC, the concentrated supernatant was placed in dialysis tubing (Spectrum Labs, 
USA) and sealed with clamps. The tubes were then submerged in buffer containing100mM 
NaCl in buffer to supernatant ratio of 5L:1L and incubated at 4 °C with constant stirring. The 
buffer was changed at least 4 times, a minimum of 4 h apart. 
 
Prior to enzyme activation, protein samples were dialysed against Buffer A at 4 °C in buffer 
to protein sample ratio of 1L:1mL. A minimum of 4 changes were undertaken at least 4 h apart. 
 
2.8.2 Immobilised Metal Affinity Chromatography (IMAC) 
2.8.2.1 IMAC column preparation 
Econo-Pac® Chromatography columns with 0-20 mL bed volume (Bio-Rad Laboratories, USA) 
were used for large volume of proteases sample purification while Pierce centrifuge columns 
with 2 mL bed volume (Thermofisher Scientific, USA) were used for HDM purification. After 
the column was packed with iminodiacetic acid sepharose and washed with 5CV of miliQ water, 
sepharose was charged with half a column of 0.2 M nickel. The column was then washed again 
with 5CV of miliQ water and equilibrated with 5CV of Binding buffer A (for cathepsin L) or 
Binding buffer B (for HDM).  
 
2.8.2.2 IMAC column cleaning and regeneration 
IMAC column can be reused several times for purification of the same protein, requiring 
stripping and cleaning in between each use. The used column was initially washed with 5 CV 
of stripping solution at pH 7, followed by washing with 10 CV of 0.5 M NaCl, 5 CV of miliQ 
water, 5 CV of 1 M NaOH and 10 CV of miliQ water sequentially. The regenerated column 
can be stored in miliQ water at 4 °C for a few days or stored in 20 % ethanol at 4 °C for several 
weeks. 
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2.8.3 Protein quantification 
2.8.3.1 Bradford Assay 
Protein concentration was determined by using the Bradford method. The standard protein 
solutions in a range of 0 to 21 µg were prepared by diluting BSA in 0.15 M NaCl in aliquots 
of 100 µL. For test samples, 10 µL samples were added to 90 µL of 0.15 M NaCl. For both 
standard protein solutions and test samples, 900 µL of Bradford reagent was added and mixed 
thoroughly. The mixture was allowed to sit at room temperature for 2 min before 200 µL was 
aliquot into a clear flat bottomed 96-well microtitre plate and read on microplate reader at 595 
nm. A standard curve, constructed by plotting the concentrations of the BSA standards (µg) 
versus absorbance was used to determine the concentration of the test samples. 
 
2.8.4 Protein visualization 
2.8.4.1 SDS-PAGE 
One-dimensional SDS-PAGE was performed to separate protein samples in an electrophoresis 
unit. SDS-PAGE stacking gel (12.5 %) and SDS-PAGE separating gel (4 %) were prepared. 
Protein samples were added with SDS protein loading buffer (5x) and heated to 95 °C for 5 
min in a dry block heater. Then, protein samples were separated in the gel in the electrophoresis 
unit containing SDS-PAGE running buffer at 80 V for 30 min, followed by 180 V for 45 min 
or until the dye front reached the bottom of the gel. Gels were then transferred onto 
nitrocellulose membranes for immunoblotting or were stained using Coomassie blue for 
visualization. 
 
2.8.4.1.1 Tris-glycine SDS-PAGE 
Tris-glycine SDS-PAGE was used to visualize proteases samples with sample size ranges 
between 25 to 40 kDa. The gels were prepared using 4% SDS stacking gel solution 1 and 12.5 % 
SDS separating gel solutions 1. A glycine SDS running buffer was used to perform the 
electrophoresis. 
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2.8.4.1.2 Tris-tricine SDS-PAGE 
Tris-tricine SDS-PAGE was used to run digested samples of HDM which were expected to 
have peptide fragments smaller than 10 kDa. The gels were prepared using 5 % SDS stacking 
gel solution 2 and 18% SDS separating gel solutions 2. A Tricine SDS-PAGE running buffer 
was used to perform the electrophoresis. 
 
2.8.4.1.3 Gelatin gel SDS-PAGE 
Gelatin gels were made using the same recipe for glycine SDS-PAGE gel with 0.1 % gelatin 
added. Protease samples were mixed with Non-reducing loading buffer (5x) and incubated at 
37 °C for 15 min. Gels were ran at 160 V for 2 h at 4 °C in chilled SDS-PAGE running buffer. 
After electrophoresis, gels were immersed in 100 mL of Buffer 1, shaking at room temperature 
for 20 min. The buffer was changed and the incubation was repeated. Then, to the gel was 
incubated in 100 mL of Buffer 2 for 5 min, shaking at low speed at room temperature. The 
buffer was changed and the incubation step repeated another two times, with the final 
incubation at 37 °C for 18 h. Gels were then stained by coomassie blue, with the clearing 
observed on the gel indicating the presence of gelatinase activity. 
 
2.8.4.2 Immunoblot 
The protein samples were transferred onto a nitrocellulose membrane by using iBlot® Western 
blotting system. After transferring, the membrane was blocked with 20 mL of Blocking buffer 
in a 50 mL tube and incubated for 1 h at room temperature on a roller. The membrane was 
washed twice in 1 x TBS buffer and then incubated in 20 mL of 1% skim milk dissolved in 1 
x TBS containing mouse anti His-tag antibody (1:5000) for 2 h at room temperature. The 
membrane was then washed twice in 1 x TBS buffer and before being incubated in 20 mL of 
1 % skim milk in 1 x TBS containing goat anti mouse antibody (1:5000) coated with alkaline 
phosphatase for 2 h at room temperature on a roller. The membrane was finally washed 3 times 
in 1 x TBS for 5 min each and developed in Western Blue® alkaline phosphatase substrate (in 
the dark for 15 min. The reaction was stopped by washing the membrane in miliQ water and 
air-dried. 
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2.9 Enzyme methods 
2.9.1 Enzyme active site titration 
The concentration of enzyme active site was estimated by titration against fluorogenic substrate, 
Z-RLR-AMC at a range of known concentrations of cathepsin inhibitor, E-64. Enzymes were 
incubated with E-64 concentrations ranging from 0 to 128 nM in enzyme buffer for 15 min at 
37 °C. Then, a final concentration of10 µM of the fluorogenic substrate was added and mixed 
well by pipetting up and down for at least 15 times. The reactions were incubated at 37 °C for 
1 h before measurement of the fluorescence intensity. Graphpad Prism 6 was used to plot the 
fluorescence intensity against the concentration of E-64. The linear portion of the plot was 
extrapolated to determine the x intercept, which indicates enzyme active site concentration.  
 
2.9.2 AMC standard curve 
AMC stock was diluted to 0-10 µM in the appropriate assay buffer and concentration of DMSO. 
The AMC solution was incubated at 37 °C for 5 min before measuring the reading of 
fluorescence intensity.  
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2.10 Cell culture 
2.10.1 Maintenance of cell line 
To maintain the cell line, Flp-In CV1 cell line were grown in a T25 tissue culture flask in 
GlutaMAX™ DMEM with 10 % heat-inactivated FBS at 37 °C with 5 % carbon dioxide. Every 
3-4 days, the old media was discarded, cells washed twice with PBS and gently replaced with 
fresh media until the cells reach 80 % confluency. A final concentration of 100 µg/mL 
Zeocin™ was also added to the media to maintain Flp-In hosts. 
 
2.10.2 Passaging of cells 
The cells were passaged at 80 % confluency at a ratio 1:10 for maintenance. The media was 
discarded and cells gently washed twice with PBS. As much PBS as possible was removed and 
the monolayer of cells was overlayed with 1 x EDTA Trypsin and incubated at 37 °C until the 
cells detached from the surface of the flask. Pre-warmed DMEM with 10 % FBS was added to 
resuspend the cells and inactivate the trypsin. The cells were mixed gently by pipetting several 
times before being transferred into new flask with fresh media at 1:10 ratio. 
 
2.10.3 Determination of live cell number 
The cell number was estimated using The Countess automated cell counter. An aliquot of 10 
µL of the cell suspension was mixed well with 10 µL of 0.4 % trypan blue in a microfuge tube. 
An aliquot of 10 µL of this mixture was transferred into one of the chambers in the Countess 
cell counting chamber slide and the live cell number and cell viability was estimated using the 
machine.  The concentration of the cells required for the subsequent work was calculated with 
the calculator in the counter.  
 
2.10.4 Preparation of frozen stocks 
To prepare the cells for freezing, the cells were trypsinized and spun down at 5000 x g for 5 
min. The cells were washed twice with PBS by repeated resuspending and spinning down. 
After final washing, the cells were resuspended using freezing media containing DMEM with 
10 % FBS and 10 % of DMSO at a cell density of at least 3 x 106 cell/mL. One millilitre aliquots 
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were transferred into cryovials and chilled at -20 °C for 4 h before being transferred to -80 °C 
and liquid nitrogen for storage. 
 
2.10.5 Transfection of plasmid into mammalian expression cell line 
Lipofectamine 2000 was used to transfect the plasmid into the mammalian expression cell line, 
Flp-In CV-1. Transfection was carried out according to manufacturer’s instructions. Briefly, 1 
x 106 cells in 2 mL were seeded in a 6-well plate the day before the transfection and the cell 
confluency at time of transfection should be 70-90 %. The appropriate amount of expression 
plasmids required for the expression were diluted with Opti-MEM I serum reduced medium to 
150 µL. Next, 150 µL of Opti-MEM I medium was added to the diluted DNA and incubated 
for 5 min at room temperature before being added to the cells in drop-wise manner. Cells were 
incubated at 37 °C with 5 % carbon dioxide for 16 h. After 16 h, transfected cells were analysed 
or subjected to antibiotic selection for stable cell lines depending on the experiments. 
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2.11 Computational methods 
2.11.1 Reference structures for homology modelling 
It is noted that two high-quality structures from the PDB may potentially be used as a template 
for modelling catL2 and L5: the structure of human cathepsin L (PDB 3K24) and F. hepatica 
cathepsin L1 (PDB 2O6X). Both are structurally similar, and this can be demonstrated by 
aligning the backbones of both structures using the pdb comparison tool as illustrated in Figure 
2.8. The backbone RMSD calculated for chain A of both structures is only 0.9 Å, which means 
the structures of both enzymes are quantitatively similar and therefore equally suitable to use 
as the reference structure for homology modelling of F. hepatica cathepsin Ls. In the present 
thesis, 3K24 was judged to be more representative of the system of interest, as 2O6X describes 
a cathepsin bound to its pro-segment (an inhibitor) while PDB 3K24 describes a closely related 
cathepsin in a mature state (albeit with an active site Cys mutated to Ala), bound to tri-peptide, 
which is more similar to the bi-peptides and tri-peptide-bound complexes expected to represent 
those used in the enzyme kinetics studies of this thesis. Therefore, PDB 3K24 was chosen as 
the reference structure for homology modelling of apo- and RDR-bound cathepsin Ls.   
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Figure 2.1 Structural alignments of human cathepsin L (PDB 3K24) and Fasciola 
hepatica pro-cathepsin L1 (PDB 2O6X). Structure of PDB 3K24 is in orange while 
structure of PDB 2O6X is in cyan. Pro-segment from PDB 2O6X is in grey. 
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2.11.2 Molecular dynamics simulation 
Molecular dynamics simulations were performed using Gromacs version 4.6.5 package with a 
CHARMM27 force field (version 2.0) and a TIP 3-point water model. For each model, three 
independent 10 ns simulations were performed using pseudo random seed to generate random 
initial velocities. Simulations were done at 2 fs time step with 5000000 steps. The models were 
placed inside a cubic box and centered so the models were 1.5 nm away from the sides of the 
box. PME was used for electrostatic interaction with 1.0 rcoulomb-switch and 1.2 rcoulomb. 
For doing Van der Waals, the cut-off lengths settings for rvdw-switch was 1.0 and rvdw was 
1.2. Protein, water and ions were coupled separately to a temperature bath at 300 K using v-
rescale thermostat and a temperature coupling constant of 0.1 ps time. Pressure was modulated 
to 1 bar isotropically using Parrinello-Rahman method with a compressibility of 4.5x10-5bar-1 
for 1 ps. Na+ and Cl- ions were bring to net charge of the enzyme to zero, considering 0.1 M 
sodium phosphate and 1 mM EDTA present in the enzyme kinetic assay. Energy minimization 
was performed using the steepest descent algorithm to remove the local strain. Position restraint 
was performed for the atoms before the equilibration for the dynamic simulations under NVT 
and then NPT. Bond length constrains were based on the Linear Constraint Solver (LINCS) 
algorithm.  For analysis, trajectory coordinates were recorded every 500 time-steps (20 ps). 
 
 
2.12 Amino acid sequence 
Amino acid sequence alignments of F. hepatica cathepsin L1 (accession number AAB41670.2), 
L2 (accession number AAC47721.1) and L5 (accession number AAF76330.1) and F. gigantica 
cathepsin Ls (accession number AAF44675.1, BAB86959.1, AAF44676.1, AAF44677.1, 
AAF08900.1 and BAB86960.1) and human cathepsin L obtained from crystal structure in PDB 
3K24 are illustrated in Figure 2.9. There are some inconsistencies in the residue numbering 
used among publications, so the residue numbering from the studies of Norbury and Smooker 
has been adopted for the current analysis. 
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FhCatL1     1 MRLFVLAVLTVGVLGSNDDLWHQWKRMYNKEYNGADDQHRRNIWEKNVKHIQEHNLRHDL 
FhCatL2     1 MRCFVLAVLTVGVYASNDDLWHQWKRIYNKEYNGADDEHRRNIWGKNVKHIQEHNLRHDL 
FhCatL5     1 MRLVILTLLIVGVFASNDDLWHQWKRIYNKEYNGADDDHRRNIWEQNVKHIQEHNLRHDL 
FgCatL_1      1 MRCFVLAVLTVGVLGSNDDLWHQWKRMYNKEYNGADDEHRRNIWEENVKHIQEHNLRHDL 
FgCatL_2    1 MRLFILAVLAVGVLGSNDDLWHQWKRMYNKEYNGAVDEHRRNIWEDNVKHIQEHNLRHDV 
FgCatL_3    1 MRLVILTLLTVGVFASNDDLWHQWKRIYNKEYNGADDDHRRNIWEKNVKHIQEHNLRHDL 
FgCatL_4    1 MRCFVLAVLTVGVFASNDDLWHEWKRIYNKEYNGADDEHRRNIWGKNVKHIQEHNLRHDL 
FgCatL_5    1 MRLFILAILTFGVFASNDDLWHEWKRMYNKEYNGVDDAHRRNIWEENVKHIQEHNIRHDL 
FgCatL_6    1 MRFFAYPVLTVGVFASNDDLWHHWKRVYNKEYNGADDEHRRNIWEQNVKHIQEHNLRHDL 
HucatL      1 ------------------------------------------------------------ 
 
 
FhCatL1    61 GLVTYTLGLNQFTDMTFEEFKAKYLTEMSRASDILSHGVPYEANNRAVPDKIDWRESGYV 
FhCatL2    61 GLVTYKLGLNQFTDLTFEEFKAKYLIEIPRSSELLSRGIPFKANKLAVPESIDWRDYYYV 
FhCatL5    61 GLVTYKLGLNQFTDMTFEEFKAKYLTEMPRASELLSHGIPYKANKRAVPDRIDWRESGYV 
FgCatL_1     61 GLVTYTLGLNQFTDMTFEEFKAKYLTEMPRASDILSHGIPYEANNRAVPDKIDWRESGYV 
FgCatL_2   61 GLVTYTLGLNQLTDMTFEEFKAKYLTEMPRASDILSHGIPYEANNRAVPDKIDWRGSGYV 
FgCatL_3   61 GLVTYTLGLNQFTDMTFEEFKAKYLTEMPHRSDILSHGIPYEANKRAVPASIDWRESGYV 
FgCatL_4   61 GLVTYTLGLNQFTDLTFEEFKTKYLIEIPRSSELLSRGIPYKANKPAVPESIDWRDYYYV 
FgCatL_5   61 GLVTYTLGLNQFTDMTFEEFKAKYLREIPRASDIHSHGIPYEANDRAVPESIDWREFGYV 
FgCatL_6   61 GLVTYTLGLTQFTDLTFEEFKAKYLIEMPRSSELLSHGIPYKAKNRAVPASIDWRESGYV 
HucatL      1 ------------------------------------------------PRSVDWREKGYV 
 
 
FhCatL1   121 TEVKDQGNCGSCWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSRPWGNNGCGGGLMENA 
FhCatL2   121 TEVKNQGQCGSCWAFSTTGAVEGQFRKNERASASFSEQQLVDCPRDLGNYGCGGGYMENA 
FhCatL5   121 TEVKDQGGCGSCWAFSTTGAMEGQYMKNQRTSISFSEQQLVDCSRDFGNYGCNGGLMENA 
FgCatL_1    121 TEVKDQGNCGSCWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSGPWGNYGCMGGLMENA 
FgCatL_2  121 TTVKDQGNCGSCWAFSTTGTMEGQYMKNERTSISFSEQQLVDCSGPWGNYGCSGGLMENA 
FgCatL_3  121 TEVKDQGQCGSCWAFSTTGAMEGQYMKNQRTSISFSEQQLVDCSDDFGNFGCNGGLMENA 
FgCatL_4  121 TEVKDQGQCGSCWAFSTTGAMEGQFRKNERASASFSEQQLVDCTRNFGNHGCGGGYMENA 
FgCatL_5  121 TEVKDQGDCGSCWAFSATGAMEGQYMKNQKANISFSEQQLVDCSGDYGNRGCSGGFMEHA 
FgCatL_6  121 TEVKDQGQCCSCWAFSTTGTMEGQYMKNERVDTSFSEQQLVDCSRPWGNNGCGGGFMENA 
HucatL     13  TPVKNQGQCGSAWAFSATGALEGQMFRKTGRLISLSEQNLVDCSGPQGNEGCNGGLMDYA 
 
 
FhCatL1   181 YQYLKQF-GLETESSYPYTAVEGQCRYNKQLGVAKVTGFYTVHSGSEVELKNLVGAEGPA 
FhCatL2   181 YEYLKHN-GLETESYYPYQAVEGPCQYDGRLAYAKVTGYYTVHSGDEIELKNLVGTEGPA 
FhCatL5   181 YEYLKRF-GLETESSYPYRAVEGQCRYNEQLGVAKVTGYYTVHSGDEVELQNLVGAEGPA 
FgCatL_1   181 YEYLKQF-GLETESSYPYTAVEGQCRYNRQLGVAKVTDYYTVHSGSEVELKNLVGAEGPA 
FgCatL_2   181 YEYLKQF-GLETESSYPYTAVEGQCRYNRQLGVAKVTDYYTVHSGSEVELKNLVGAEGPA 
FgCatL_3   181 CEYLKRF-GLETESSYPYRAVEGPCRYNKQLGVAKVTGYYMVHSGDEVELQNLVGIEGPA 
FgCatL_4  181 YEYLKHS-GLETDSYYPYQAVEGPCQYDGRLAYAKVTDYYTVHSGDEVELKNLVGTEGPA 
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FgCatL_5  181 YEYLYEV-GLETESSYPYKAEEGPCKYDSRLGVAKVNGFYFDHFGVESKLAHLVGDKGPA 
FgCatL_6  181 YNYLRQF-GLESESSYPYQAVEDSCQCDRQLGVAKVTGYYTGHSGNELELQSLVGAEGPA 
HucatL     73  FQYVQDNGGLDSEESYPYEATEESCKYNPKYSVANDTGFVDIPK-QEKALMKAVATVGPI 
 
 
FhCatL1   240 AVAVDVES-DFMMYRSGIYQSQTCSPLRVNHAVLAVGYGTQ----GGTDYWIVKNSWGLS 
FhCatL2   240 AVALDADS-DFMMYQSGIYQSQTCLPDRLTHAVLAVGYGSQ----DGTDYWIVKNSWGTW 
FhCatL5   240 AVALDVES-DFMMYRSGIYQSQTCSPDRLNHGVLAVGYGIQ----DGTDYWIVKNSWGTW 
FgCatL_1   240 AVAVDVES-DFTMYSGGIYQSRTCSSLRVNHAVLAVGYGTQ----GGTDYWIVKNSWGSS 
FgCatL_2   240 AIAVDVES-DFMMYSGGIYQSQTCL--RLNHAVLAVGYGTQ----GGTDYWIVKNSWGLS 
FgCatL_3   240 AVALDVDS-DFMMYRSGIYQSQTCSPEFLNHGVLAVGYGTQ----SGTDYWIVKNSWGPW 
FgCatL_4   240 AVALDVDY-DFMMYESGIYHSETCLPDRLTHAVLAVGYGAQ----DGTDYWIVKNSWGSS 
FgCatL_5   240 AVAVDVES-DFLMYRGGIYASRNCSSEKLNHAMLVVGYGTQ----DGTDYWIVKNSWGSL 
FgCatL_6   240 AVAVAVDS-DFMMYRGGIYQSEICSLLRLNHAVLTVGYGSQ----DDTDYWIVKNSWGTC 
HucatL     132  SVAIDAGHESFLFYKEGIYFEPDCSSEDMDHGVLVVGYGFESTESDNNKYWLVKNSWGEE 
 
 
FhCatL1   295   WGERGYIRMVRNRGNMCGIASLASLPMVARFP 
FhCatL2   295  WGEDGYIRFARNRGNMCGIASLASVPMVARFP 
FhCatL5   295  WGEDGYIRMVRKRGNMCGIASLASVPMVAQFP 
FgCatL_1   295  WGERGYIRMVRNRGNMCGIASLASLPMVARFP 
FgCatL_2   293  WGERGYIRMARNRGNMCGISSLASLPMVARFP 
FgCatL_3   295  WGENGYIRMVRNRGNMCGIASLASVPMVARFP 
FgCatL_4   295  WGEKGYIRFARNRGNMCGIASLASVPMVARFP 
FgCatL_5   295  WGDHGYIRMARNRDNMCGIASFASLPVVEPFP 
FgCatL_6   295  WGEYGYIRLVRNRGNMCGIASMASVPMVARFP 
HucatL    192  WGMGGYVKMAKDRRNHCGIASAASYPTV---- 
 
Figure 2.2 Amino acid sequence alignment of cathepsin Ls from Fasciola hepatica, 
Fasciola gigantica and human. Residues forming the S2 pocket site are in black font and 
highlighted in yellow. Residue 163 is in red font and highlighted in yellow. Amino acid 
residues after black arrows are mature cathepsin Ls while residues before arrows are pro-
segments of cathepsin Ls, Black and grey shading represent levels of conservation. Fh -
Fasciola hepatica; Fg -Fasciola gigantica; Hu -human.  
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Chapter 3  
Identification of a potential natural substrate of Fasciola cathepsin L5 
protease 
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3.1 INTRODUCTION 
The life cycle of F. hepatica is complex because the parasites undergo multiple form changes 
involving exploitation of two different hosts. To sustain its development and parasitism, F. 
hepatica secretes a wide range of proteins to the host-parasite interface. Hence, understanding 
substrate specificity and the roles of these proteins will allow the development of effective 
vaccines or drugs to fight against fasciolosis. At the adult stage, the major components of the 
secretion are different isoforms of cathepsin L protease –cathepsins L1, L2 and L5 (Robinson 
et al., 2009b) which are known to be cysteine proteases.  For cysteine proteases, amino acid 
residues lining the active site, particularly at subsite S2, are very important because they define 
the substrate specificity of the enzyme itself (Stack et al., 2011). The pocket of the enzyme 
active subsite S2 that accommodates the substrates is named P2, with analogous nomenclature 
for other subsites.  
 
Profiling of the substrate specificity accommodating the active site pocket P1 to P4 using 
positional scanning synthetic combinatorial libraries showed that all isoforms of the cathepsin 
L co-expressed by the adult fluke have a range of common substrates accommodated at P2, 
such as leucine, valine, alanine and phenylalanine (Norbury et al., 2012, Stack et al., 2008). 
These four residues are the major components found in haemoglobin which is the main nutrient 
source of the adult F. hepatica (Lowther et al., 2009). This implies that all cathepsin L isoforms 
expressed by an adult fluke can digest haemoglobin for feeding. Besides these common 
substrates, cathepsin L2 also readily accepts a proline at P2. This finding explains why 
cathepsin L2 can degrade collagen, a protein made up of a repeat motif of Gly-Pro-X, more 
efficiently than other isoforms (Robinson et al., 2011a). Interestingly, cathepsin L5 also has a 
unique substrate preference at its P2, which is an aspartic acid. However, the potential natural 
substrates of the cathepsin L5 protease are unknown.  
 
Aside from feeding and invasion, parasites require the ability to evade the host immune system 
to prevent eradication and thus be able to survive longer within the host (Wakelin, 1996). 
Another molecule of interest found in the secretome of adult flukes is Helminth Defence 
Molecule (HDM) which is a small protein appearing as an 8 kDa molecule by SDS-PAGE 
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analysis. HDM can be processed by F. hepatica cathepsin L1, although inefficiently (Robinson 
et al., 2011b). HDM is processed by cathepsin L1 into two smaller fragments about 4 kDa each, 
as revealed by mass spectrometric analysis, and the putative cleavage site is between Arg36 
and Ala37. The full-length and the cleaved product of HDM, binds directly to 
lipopolysaccharides (LPS) which reduces the release of inflammatory mediators (TNF & IL-
1β) (Robinson et al., 2011b). In addition, the full-length HDM can be internalised by 
macrophages, then cleaved by lysosomal cathepsin L producing a C-terminal peptide which 
inhibits antigen processing. This process results in macrophages failing to present peptide to 
CD4 + cells (Robinson et al., 2012). Both mechanisms result in the polarization of the host 
immune responses toward the wound-healing Th2 class, which is beneficial for the parasite to 
survive long-term in the bile ducts.  
 
Analysis of the peptide sequence at the vicinity of the putative cleavage site of HDM reveals 
that an aspartic acid needs to be accommodated at the P2 site of the cathepsin L for cleavage. 
As cathepsin L5 is known to have a unique substrate preference for accommodating an aspartic 
acid at its P2 site (Norbury et al., 2012), this observation led to the hypothesis that cathepsin 
L5 might be the specific protease to cleave and activate the HDM at the later stages of the life 
cycle. Although it has been shown cathepsin L1 can cleave HDM at pH 4.5, but inefficiently 
(Robinson et al., 2011b), cathepsin L5 is predicted to have higher efficiency to cleave HDM 
compared to other co-expressed cathepsin L isoforms. To confirm this, recombinant F. 
hepatica cathepsin L1, L2, L5 and HDM were expressed in the yeast and bacterial systems 
(HDM) in the current study. Then HDM digestion by the adult fluke cathepsin L isoforms will 
be assessed within 3 hours of digestion at pH 4.5 and pH 7.3. Cathepsin L proteases are secreted 
into the acidic parasite gut lumen which is potentially where HDM is processed by the 
cathepsin. 
 
In a previous study, the 3D structure of the Fasciola cathepsin L2 and L5 was built based on 
their homology with the crystal structure of F. hepatica procathepsin L1 (2O6X) (Norbury et 
al., 2012). The structures were compared, and it was predicted that the unusual substrate 
preference of cathepsin L5 was enabled by a glycine at position 163 and a non-acidic 161 
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residue at its S2 active site (Norbury et al., 2012). Unlike cathepsin L5, cathepsins L1 and L2 
have a non-acidic 161 residue, but a larger alanine at 163, with its side chain protruding into 
the active site pocket reducing its tolerance to accept the charged and hydrophilic aspartic acid 
at P2 (Norbury et al., 2012).  
 
The importance of a glycine at position 163 in determining the unusual substrate preference of 
cathepsin L5 needs to be validated in vitro before any conclusion can be made. Hence in the 
current study, mutants of cathepsin L1 and L5 with an amino acid substitution at position 163 
from alanine to glycine and glycine to alanine respectively were made. Assays of enzyme 
kinetics were performed to measure the catalytic efficiency against fluorogenic substrates Z-
DR-AMC and Ac-RLR-AMC. Theoretically, aspartic acid (D), arginine (R) and AMC should 
be accommodated at P2, P1 and P1’ of the enzyme active site respectively where the bond 
between P1 and P1’ will be cleaved. The catalytic efficiency of the wild-type cathepsin L 
proteases and mutants at pH4.5 and pH7.3 were compared. HDM digestion by the mutant 
proteases was also performed to visualize digestion of a recombinant natural substrate within 
3 h by SDS-PAGE. In addition, several computer software programs such as AutoDock Vina 
(Trott et al., 2010), DeepView (Guex et al., 1997) and LIGPLOT (Wallace et al., 1995) were 
used to build the enzyme models to further elucidate the findings of the current study. 
 
The aims of the studies in this chapter are: 
1. To generate reciprocal mutation at residue 163 of cathepsin L1 (alanine to glycine) and 
L5 (glycine to alanine). 
2. To produce recombinant cathepsin L1, L2, L5 and mutants in a yeast expression vector 
YEpFLAG, yeast strain BJ3505. 
3. To produce recombinant HDM in the bacterial expression vector pET-28a(+), E. coli 
strain BL21. 
4. To evaluate the digestions of HDM by cathepsin L1, L2 and L5 at pH 4.5 and pH 7.3. 
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5. To compare the enzyme kinetics of wild-type cathepsin Ls and with mutants in cleaving 
the fluorogenic peptide DR at pH 4.5 and pH7.3. 
6. To compare the digestion of HDM by wild-type cathepsin Ls and mutants at pH 4.5. 
 
In brief, the current study aims to elucidate potential key determinants of the substrate 
preference of cathepsin L5 and assess the potential involvement of cathepsin L5 in host 
immunomodulation. The outcome of this study will allow further investigation of the key 
determinants of the activity of cathepsin L5 and provide fundamental knowledge on the 
potential of cathepsin L5 as a vaccine or drug target for treating fasciolosis. 
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3.2 MATERIALS AND METHODS 
3.2.1 YEpFLAG construct for recombinant cathepsin L proteases expression in yeast 
Cathepsin L proteases constructs were made using YEpFLAG, which acts as a shuttle vector 
between DH5α (cloning vector) and BJ3505 (expression vector). Constructs for recombinant 
cathepsin L2 and L5 proteases made in a previous study were used (Smooker et al., 2000). To 
make constructs for expression of cathepsin L1 and mutant cathepsin L5G163A, the coding 
DNA sequences (CDS) of cathepsin L1 (GenBank accession number: U62288.2) and cathepsin 
L5 (GenBank accession number: AF271385) were used, taking into account the sequence 
encoding the pro-region. In addition, DNA sequence encoding 6 x histidine 
(CACCATCACCATCACCAT) and a stop codon was added to the C-terminal of the sequence. 
A XhoI (CTCGAG) restriction site was also added to both ends of the gene sequence for cloning 
purposes. After adding the sequences required to facilitate cloning and protease purification, 
the gene sequences were inserted into the YEpFLAG expression vector using Clone Manager 
software to confirm that the start codon and gene of interest were in frame with the 6 x His tag. 
The gene sequences of cathepsin L proteases were synthesised and inserted into the cloning 
vector pUC57 (Ampr).  
 
To make the expression construct cathepsin L1 A163G, the plasmid for expression of cathepsin 
L1 (pFLAGFhCatL1) was used as a template for inverse PCR to introduce an alteration of the 
amino acid at position 163 of cathepsin L1. The following 5’ phosphorylated primer set was 
used to introduce the mutation: CatL1 inverse: 5’ GTCGGTTATGGAACACAGGTGGTA and 
CatL1mutA163G: 5’ AGCCAAAGACACCATGGTTCACAC, where the GCA code for 
alanine was substituted with GGT code for glycine as underlined. Inverse PCR was carried out 
using Phusion High-fidelity Pfu DNA polymerase as described in Section 2.7.4.1 with 55 °C 
annealing temperature and 5 min extension time. The inverse PCR product was purified before 
being transformed into E. coli strain DH5-α. 
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The cathepsin L1 and cathepsin L5 G163A gene sequence in the cloning vector pUC57 was 
resuspended in 20 µL of molecular grade water to a final concentration of 200 ng/µL. The 
plasmid was transformed into E. coli strain DH5-α. Positive transformants were selected and 
maintained by plating the bacterial suspension on an LB agar plate supplemented with 100 
µg/mL of ampicillin. The sequence of the positive clones was then confirmed by sequencing.  
 
Cloning of the cathepsin L1 and cathepsin L5 G163A gene sequence into the yeast expression 
vector, pFLAG was unsuccessful when using a single restriction enzyme (XhoI) cutting site for 
both terminal ends. Therefore, a primer that contained a NotI recognition site was used to alter 
the recognition sequence at the 3’ end of the gene from XhoI to NotI. The primers used to 
change the recognition site were XhoINotI_Forward: 5’ 
GCATCTCGAGGATTTGTGGCATCAATGG and XhoINotI_Reverse: 5’ 
ATTAGCGGCCGCTCAATGGTGATG.  
 
The ligation was successful after using different restriction enzymes at a vector to insert molar 
ratio of 1 to 5. After transformation of the expression plasmid into competent bacterial 
competent cells, a total of 5 and 18 colonies of pFLAGCatL5G163A and pFLAGCatL1 
respectively, were picked for PCR analysis to confirm ligation of the gene with the pFLAG 
expression vector in the correct orientation. The XhoINotI_Forward primer, used to change the 
restriction site and the reverse primer FLAGseqR1635 (5’ ACGCGTGTACGCATGTAA) 
from the part of pFLAG vector was used to do the PCR analysis.  
 
Selected clones were sequenced to confirm the gene was in the correct orientation prior to 
recombinant expression work. The clones with the correct gene orientation were prepared for 
storage. 
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3.2.2 Transformation of expression vector into yeast strain BJ3505 
Yeast transformation was performed using an EZ-Yeast Transformation kit following the 
manufacturer’s instructions.  Briefly, Saccharomyces cerevisiae strain BJ3505 was inoculated 
into 10 mL of YPD media and incubated at 28 °C and 160 rpm for 2 days or until the cell 
density reached OD600 of more than 1.0. The yeast suspension was used for transformation 
immediately and then plated on the selective media, minimal agar supplemented with uracil 
and lysine. The plates were incubated at 30 °C until colonies were observed. 
 
Five colonies each of YEpFLAGFhCatL5 G163A and YEpFLAGFhCatL1 A163G and 10 
colonies of YEpFLAGFhCatL1 were picked for PCR analysis. Yeast DNA for PCR was 
extracted using a simple method adapted from the FRED HUTCH organisation website 
(http://depts.washington.edu/younglab/yeastprotocols%28htm%29/colPCR.htm). A single 
colony was picked from the selective agar plate and inoculated into 30 μL of 0.2 % SDS. The 
cell suspension was vortexed vigorously for about 15 s followed by heating in a heat block at 
90 °C for 4 min. The heated cell suspension was spun down for 1 min at 10000 x g and the 
supernatant was collected into a new microfuge tube. One microliter of the supernatant was 
used as the DNA template for PCR. The primers used for PCR screening are FLAGseqF1431: 
5’ TTGCCAGCATTGCTGCTA and FLAGseqR1635: 5’ ACGCGTGTACGCATGTAA. The 
PCR was carried out using Phusion High-fidelity pfu polymerase as described in Section 
2.7.4.1 with 55 °C annealing temperature and 30 s extension time. 
 
3.2.3 Expression of recombinant cathepsin L proteases 
A single positive colony was inoculated into 100 mL of MM+UL media and incubated at 28°C 
and 160 rpm for 72 h. The culture was centrifuged at 5000 x g for 10 min and inoculated into 
1 L of YPHSM, which was further incubated for 72 h at 28 °C and 160 rpm. The cultures were 
then aliquoted into Nalgene centrifuge bottles and the protein purification process continued. 
 
Expression media was subjected to high speed centrifugation, 10000 x g for 10 min at 4 °C to 
pellet the yeast cells. Media containing the protein was carefully remove to a clean flask 
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without disturbing the pellet. The expression media was concentrated via dialysis by 
embedding the media-containing dialysis tube in the dry PEG pellets for 16 h at 4 °C. After the 
concentration step, the dialysis tube was then washed thoroughly with distilled water to remove 
any PEG residue. Concentrated protein was dialysed against 100 mM NaCl as described in 
Section 2.8.1. Subsequently, protein was collected from the dialysis tube, centrifuged at 15000 
x g for 10 min at 4 °C and filtered through a 0.45 μM membrane syringe filter to remove any 
particles. The resulting protein sample was made up to 300 mL in 25 mM NaH2PO4, 50 mM 
Imidazole and 0.5 M NaCl, pH 7.6 prior to IMAC purification.  
 
3.2.4 Purification of cathepsin L proteases by Immobilized Metal Affinity 
Chromatography (IMAC) 
Econo-Pac® Chromatography columns were prepared as described in Section 2.8.2.1. The 
processed protease samples were loaded into the nickel-charged column and washed with 10 
CV’s of Wash buffer before being eluted with 10 CV’s of Elution buffer 1. Column flow 
through was collected and the purification process was repeated. Two mL elution fractions 
were collected from each purification process for analysis by SDS-PAGE. The samples were 
pooled and mixed with glycerol to 40 % (v/v) prior to being buffer exchanged into Buffer A, 
and concentrated by Amicon Ultra-15 centrifugal filter units (Millipore, US), 10 kDa pore size 
cut off. The concentration of the purified, concentrated samples was measured by Bradford 
assay, analysed on gelatin gel, and then 20 µL aliquots were prepared for storing at -80° C. 
 
3.2.5 Activation of cathepsin L proteases 
The protease was dialysed against Buffer A at the appropriate pH, and concentrated into half 
of its original volume using a 15 mL Amicon ultra centrifugal filter (Millipore, Cork, Ireland) 
prior to activation. The protease was then activated in the presence of 10 mM cysteine at 37 °C 
for 2.5 h. The activated protease was analysed on SDS-PAGE and the molarity of the active 
enzyme was measured by titrating against inhibitor E-64.  
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3.2.6 Expression of recombinant HDM in E. coli strain BL21 
The clone for expression of recombinant HDM was derived from the previous study. Briefly, 
creation of the expression construct involved insertion of the HDM gene sequence using double 
digestion of the expression vector pET-28a(+) by BamHI and NdeI followed by HDM gene 
and vector ligation. The constructs encode full length Helminth Defence Molecule (HDM) and 
a polyhistidine-tag at the N-terminus and C-terminus to facilitate peptide purification.  
 
The expression construct pETHDM was then transformed into the expression bacteria, E. coli 
strain BL21. A single positive colony was inoculated into 5 mL of super-rich media 
supplemented with 50 μg/mL kanamycin and 4 µg/mL of chloramphenicol and incubated at 
30 °C for 18 h with shaking at 200 rpm. The following day, 2 mL of the culture was transferred 
into 200 mL of fresh super-rich broth and further incubated until a cell density OD600 of 0.6 
was achieved. Then, 1 mM IPTG was added into the media to induce expression at 37 °C for 
3 h with 200 rpm shaking. The cultures were aliquoted into 50 mL tubes at the end of the 
expression and centrifuged at 4700 x g for 10 min at 4 °C. The experiment then continued with 
the protein purification or the pellet was stored at -80 °C.  
 
The cell pellets from 100 mL of culture were resuspended in 20 mL of Lysis buffer and lysed 
by freeze-thawing 3 times at -80 °C and 37 °C repeatedly, with 20 min incubation at each step. 
After the second thaw, 2 U of DNaseI was added and the sample was incubated at 37 °C for 30 
min. The lysed cells were centrifuged for 10 min at 4700 x g at 4 °C to collect the supernatant. 
The supernatant was filtered using a 0.45 μM membrane syringe filter prior to IMAC 
purification. 
 
3.2.7 Purification of HDM by IMAC 
Pierce centrifuge columns were prepared as described in Section at 2.8.2.1. The processed 
HDM was loaded into a nickel-charged IMAC column and washed with 5 CV’s of washing 
buffer 1, 2, 3 before elution with 5 CV’s of wash buffer 4 and 5. Two mL elution fractions 
were collected and analysed by SDS-PAGE. The samples were mixed with 40 %(v/v) glycerol 
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and concentrated, then half the sample was buffer exchanged to Buffer A at pH 4.5 and the 
other half buffer exchanged to PBS buffer at 7.3 by using Amicon Ultra-15 centrifugal filter 
units (Millipore, Cork, Ireland), having a 3 kDa pore size cut off. The concentration of purified 
concentrated samples was measured by Bradford assay, and the specificity confirmed by 
immunoblotting, and then 50 µL aliquots were taken for storing at -20 °C. Amino acid sequence 
of recombinant HDM is illustrated in Figure 3.1. 
 
MGSSHHHHHHSSGLVPRGSHMRPSEESREKLRESGRKMVKALRDAVTKAYEKARD
RAMAYLAKDNLGEKITEVITILLNRLTDRLEKYAGNLEHHHHHH 
Figure 3. 1 Amino acid sequence for recombinant HDM expressed in pET28a. His-tags 
at N- and C-terminal are highlighted in green while all the lysine and arginine residues in the 
sequence are highlighted in yellow. The calculated molecular weight of the recombinant 
HDM is 11440 Da. 
 
3.2.8 HDM digestion 
The HDM concentration was measured by Bradford assay. The enzyme active site 
concentration was estimated by titration against a range of known concentrations of E-64 
inhibitor as described in Section 2.9.1. Subsequently, aliquots of appropriate amounts of HDM 
and cathepsin L protease required for HDM digestion analysis were collected.  
 
HDM digestions were carried out at two pH conditions, pH4.5 (Digestion buffer A) and pH7.3 
(Digestion buffer B), at 37 °C for 3 h. The composition of the digestion mixture used is listed 
in Table 3.1, with a total volume of 100 µL being taken. An aliquot of 20 µL digestion mixture 
was transferred to a new tube containing 2 µL of 100 µM protease inhibitor, E-64 at 0 min, 45 
min, 90 min, 135 min and 180 min of the digestion to stop the reaction. The aliquots were 
analysed on tris- tricine SDS-PAGE gels. 
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Table 3. 1 Components of digestion mixture. 
 
 
 
 
 
 
 
 
3.2.9 Synthesis of fluorogenic substrate 
Z-Asp-Arg-AMC was custom made by Auspep (Melbourne, Australia) and Ac-Arg-Leu-Arg-
AMC was manufactured by R&D systems (Minneapolis, USA), with >95% purity for at 5mg 
samples. The lyophilised fluorogenic substrates were dissolved in 100 % DMSO to give a stock 
concentration of 10 mM. These were diluted with milliQ water to 1 mM working 
concentrations and aliquoted for storing at -20 °C. 
 
3.2.10 Enzyme kinetic assays 
The amount of enzyme, substrate and the gain value of the POLARstar Omega plate reader 
spectrophotomer had to be adjusted so that the assay could be carried out for at least 15 min 
without going over the maximum or using up too much substrate, resulting in levelling off of 
the slope (Fluorescence intensity vs time). To run the enzyme kinetic assay, the previously 
determined amount of enzyme was used to react with different concentrations of fluorogenic 
substrate ranging between 2 to 100 µM. Assays were performed in Enzyme buffer A (pH 4.5) 
or Enzyme buffer B (pH 7.3), in the presence of 4% DMSO at 37 °C. The fluorescence 
released was measured every 30 s for 15 min. An estimation of Km and Vmax was obtained 
by fitting the curve of rate of hydrolysis against substrate concentrations in a non-linear 
regression analysis using GraphPad Prism (Motulsky, 2003). An AMC standard curve was used 
to convert Fluorescence Intensity into the amount of the substrate consumed at each time point. 
 
Digestion reagent Final amount in 100 µL 
HDM 10 µg 
Protease 0.1 µg 
Digestion buffer  Top up to 100 µL 
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3.2.11 Generation of enzyme-substrate model 
The crystal structure and protein sequence of human cathepsin L with substrate QLA (3K24) 
were retrieved from the RCSB Protein Data Bank (PDB) to use for the protein sequence 
alignment and as a template for the enzyme-substrate structure modelling of Fasciola cathepsin 
L proteases and its substrates based on the homology. The protein sequence of human cathepsin 
L and Fasciola cathepsin L were first aligned using blastp. Then, the alignment was used to 
generate a model structure by using Modeller 9.17 (Sali et al., 1993)  based on the crystal 
structure of 3K24. 3K24 is a human cathepsin L complex with the ligand QLA at positions P3-
P2-P1 of its catalytic site, respectively. After the model was constructed, substrate RLR was 
mutated to RDR using the program DeepView 4.1 (Guex et al., 1997). 
 
3.2.12 Calculation of enzyme-substrate binding affinity 
To imitate the enzyme-substrate binding in an acidic environment (pH 4.5), charge was added 
to Asp, Glu and His by using the pdb2gmx program in GROMACS version 4.6.5 (Berendsen 
et al., 1995). Then, the binding affinity of the enzyme-substrate combination was estimated 
using AutoDock Vina version 1.1.2 (Trott et al., 2010). 
 
3.2.13 Prediction of enzyme-substrate interaction 
The enzyme-substrate model in .pdb file type was loaded into the LIGPLOT program, version 
4.5.3 (Wallace et al., 1995) to identify the interactions mediated by hydrogen bonds, 
hydrophobic contacts and other type of interactions such as ionic/electrostatic through space 
interactions.   
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3.3 RESULTS 
3.3.1 Production of recombinant proteins 
3.3.1.1 Cloning of cathepsin L into yeast expression vector YEpFLAG 
Initially the gene sequence was designed with XhoI restriction recognition sites flanking at both 
ends. Several attempts were taken to insert the gene sequence into the expression vector which 
was also cut with the XhoI restriction enzyme but none were successful.  To resolve this, a PCR 
primer containing the NotI restriction recognition site was used to replace the XhoI site at the 
end of the gene sequence. As a result, the gene sequences FhCatL1 and FhCatL5 G163A were 
successfully inserted into the expression vector YEpFLAG. Therefore, by using two different 
restriction enzymes, two non-compatible ends are generated, forcing the insert to be cloned in 
the correct direction and lowering the transformation background of the re-ligated vector alone 
(Sambrook, 1989).  
 
PCR screening of the plasmid to identify the clones with the gene inserted in the correct 
orientation is illustrated in Figure 3.2. The vectors containing the correctly oriented gene 
sequence would yield a PCR product of 1084 bp using one primer located at the vector and the 
other located within the inserted gene. The results showed that clone 5 of YEpFLAGFhCatL5 
G163A and clones 8, 9, 10, 11, 12, 13, 14 and 16 of YEpFLAGFhCatL1 carry the expression 
vector with the gene inserted in the correct orientation.  
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Figure 3. 2 PCR screening for the bacteria clones with correct gene insertion. (a) Lane 1 
to lane 5: clone 1 to clone 5 from the transformation of YEpFLAGFhCatL1; Lane 6 to lane 
10: clone 1 to clone 5 from the transformation of YEpFLAGFhCatL5 G163A. (b) Lane 11 to 
lane 23: clone 6 to clone 18 of YEpFLAGFhCatL1. Lane M: Lambda DNA PstI marker. The 
clones in lanes 10 and 14 were positive and selected for further analysis. 
 
Inverse PCR was applied to alter the codon from alanine to glycine at position 163 of cathepsin 
L1. One of the primers was designed to contain the codon sequence to be replaced. Both 
primers were designed in the back-to-back orientation and phosphorylated at 5’. Hence, the 
end products of the inversed PCR are circular plasmids of YEpFLAGFhCatL1A163G which 
are ready for transformation into the yeast system for recombinant protease expression. The 
PCR amplification of the gene FhCatL1 A163G using the purified inversed PCR product as 
template is illustrated in Figure 3.3. The results showed that the gene was successfully 
amplified, and sequencing was performed to confirm its sequence and orientation are correct. 
Sequencing analysis confirmed the inserted fragment had the correct sequence and that it was 
in the right orientation. The sequencing results are shown in Appendix 1. 
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Figure 3. 3 PCR amplification of gene FhCatL1 A163A. Lane 1: gene FhCatL1 A163A; 
lane 2: gene FhCatL1 (positive control) and lane M: lambda PstI marker. The mutation at 
residue 163 of cathepsin L1 (Lane 1) was confirmed by sequencing analysis before 
transformation into yeast BJ3505 for recombinant mutant expression. 
 
3.3.1.2 Transformation of the expression vector into yeast strain BJ3505 
About 100 yeast colonies for each transformation grew on the selective agar plate after 3 days 
of incubation. The boiling method was applied to isolate the DNA from the yeast clones for 
PCR screening.  Although there was 0.2% of SDS remaining in the DNA template solution, 
PCR amplification was successful using 1 µL of the DNA template, and yielded a PCR product 
size of 1156 bp using Pfu polymerase. In this PCR screening analysis, Pfu polymerase which 
could tolerate SDS was selected because DNA mixtures containing 0.1% of SDS can inhibit 
Taq DNA polymerase by 99.9 % (Konat et al., 1994). 
 
PCR analysis of the 8 clones from YEpFLAGFhCatL1 transformation showed that 6 out of the 
8 clones were positive transformants as illustrated in Figure 3.4 (a). There were two and one 
positive transformants out of the 5 analysed clones from the transformation of 
YEpFLAGFhCatL1A163G and YEpFLAGFhCatL5G163A respectively, as illustrated in 
Figure 3.4 (b). Clone 1 from the transformation of YEpFLAGFhCatL1 and 
YEpFLAGFhCatL1A163G, and clone 5 from the transformation of 
YEpFLAGFhCatL5G163A were subsequently used for expression of the recombinant 
proteases. 
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Figure 3. 4 PCR screening for positive yeast transformants. (a) Lane 1 to lane 8: clone 1 
to clone 8 from the transformation of YEpFLAGFhCatL1 (b) Lane 1 to lane 5: clone 1 to 
clone 5 from the transformation of YEpFLAGFhCatL1A163G; lane 6: empty lane; lane 7 to 
lane 11: clone 1 to clone 5 from the transformation of YEpFLAGFhCatL5G163A. Lane M: 
Lambda DNA PstI marker. The clones from lane 1 of (a), lane 1 of (b) and lane 11 of (b) 
were used for expression of the recombinant proteases. 
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3.3.1.3 Expression, purification and activation of recombinant cathepsin L proteases 
Recombinant cathepsin L proteases were successfully expressed in the yeast system and 
secreted into the culture media. Recombinant proteases were isolated with nickel-charged 
Immobilized Metal Affinity Chromatography column by utilising a 6 x Histidine tag at the C-
terminus of the recombinant protease. The IMAC purification of cathepsin L1, L2, L5, L1 
A163G and L5 G163A yielded 2.4 mg, 0.6 mg, 1.5 mg, 0.8 mg and 1.2 mg of protease per litre 
of expression media.  
 
Before and after activation of cathepsin Ls were analysed on SDS-PAGE as illustrated in 
Figure 3.5. An equal amount (~0.1 µg) of each of the activated cathepsin Ls was used for 
analysis on SDS-PAGE as shown in Figure 3.6. The molecular weight of inactive cathepsin L 
protease is about 36.5 kDa while that of the activated protease is about 26 kDa.  
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Figure 3. 5 SDS-PAGE analysis of the recombinant cathepsin L proteases. (a) Cathepsin 
L1, lane 1: purified cathepsin L1; lane 2: 1 h of incubation for activation; lane 3: 2.5 h of 
incubation for activation. (b) Cathepsin L2, lane 1: purified cathepsin L2; lane 2: 2.5 h of 
incubation for activation. (c) Cathepsin L5, lane 1: purified cathepsin L5; lane 2: 1 h of 
incubation for activation; lane 3: 2.5 h of incubation for activation. (d) Cathepsin L1 A163G, 
lane 1: purified cathepsin L1 A163G; lane 2: 2.5 h incubation for activation. (e) Cathepsin L5 
G163A, lane 1: purified cathepsin L5 G163A; lane 2: 1 h of incubation for activation; lane 3: 
2.5 h incubation for activation. Lane M: protein marker. Overall, all the recombinant 
proteases were successfully activated, although residual amount of non-activated versions 
were observed for cathepsin L1 and cathepsin L1 A163G after 2.5 h of incubation. A faint 
band at 36.5 kDa can be seen at lane 3 of (a) and lane 2 of (d).  
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Figure 3. 6 SDS-PAGE analysis of ~ 0.1 µg of activated recombinant cathepsin L 
proteases. Lane 1: cathepsin L1; lane 2: cathepsin L2; lane 3: cathepsin L5; lane 4: cathepsin 
L1 A163G; lane 5: cathepsin L5 G163A; lane M: protein marker. The 26 kDa molecular 
weight is similar for all the activated cathepsin L isoforms. 
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Cysteine proteases, including cathepsin and papain, are known to be able to cleave gelatin. The 
activity of the purified enzymes prior to activation was confirmed using gelatin gel with papain 
as a positive control. Each enzyme produced a clear zone on the gelatin gel after Coomassie 
staining as shown in Figure 3.7, confirming they possessed gelatinase activity. The results 
denote that the recombinant cathepsin L proteases are folded correctly and able to be processed 
into active mature enzymes. 
 
 
Figure 3. 7 Gelatin gel digestion by cathepsin L protease. (a.) Lane 1: cathepsin L1 
A163G; lane 3: cathepsin L1; lane 5: papain; (b.) lane 1: cathepsin L2; lane 3: cathepsin L5 
G163A; lane 5: cathepsin L5; lane 6: papain; lanes 2, 4, 6, 8, 10 &, 13 are: empty; lane M: 
protein marker. All recombinant cathepsin Ls expressed in the current study showed 
gelatinase activity. The clearing zone ends around 26 kDa which is the molecular weight of 
activated cathepsin L, indicate the cathepsin L is correctly folded and activated. The clearing 
zones above 26 kDa indicate inactive cathepsin Ls in the samples were activated while 
soaking in acidic Buffer 2. All CatLs tested here are enzymatically active. 
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3.3.1.4 Titration of cathepsin L protease active site against known concentration of 
inhibitor 
The Bradford assay was used to measure the concentration of total protein in a sample based 
on the colour change of Coomassie dye from brown to blue. The colour change arises from the 
binding of the proteins to the Coomassie dye. The isolated recombinant cathepsin L proteases 
were not pure because nonspecific proteins were present in the sample, as shown in Figure 3.4 
in Section 3.3.1.3. An equivalent amount of the recombinant proteases is required for the HDM 
digestions assay to produce comparable data. Thus, the active site concentration of the protease 
was assessed by titration against cysteine protease inhibitor, E64 with a range of known 
concentrations. 
 
To save the sample for later experiments, an approximation of the enzyme active site 
concentration was estimated from the Bradford assay so that only the minimum amount of 
enzyme was used for active site titration. Then, the enzyme concentration was diluted to below 
100 nM for titration. The intensity of the fluorescence emission from the enzyme cleavage was 
plotted against the range of inhibitor concentrations used in the assay. An example of such a 
graph is shown in Figure 3.8. The graphs plotted for the other cathepsin L isoforms titrations 
are illustrated in Appendix 2. The intercept on the horizontal axis (x-intercept) of the 
extrapolated linear graph indicates the enzyme active site concentration and was calculated for 
all the assayed enzymes, with the results shown in Table 3.2. 
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Figure 3. 8 Graph of enzyme active site titration of cathepsin L1 against inhibitor E-64. 
A typical plot for enzyme active site titration was obtained where the curve is only linear at 
the beginning and flattens out as the concentration of inhibitor increased. The x-intercept of 
the extrapolated linear graph indicates the concentration of enzyme active sites. 
 
Table 3. 2 Concentration of recombinant protease active sites. 
Recombinant protease Active site concentration (nM) 
Cathepsin L1 1158.4 
Cathepsin L2 610 
Cathepsin L5 23114 
Cathepsin L1 A163G 81.73 
Cathepsin L5 G163A 5529 
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3.3.1.5 HDM expression and purification 
HDM was isolated using a nickel-charged Immobilized Metal Affinity Chromatography 
(IMAC) column by utilising a 6 x Histidine tag at the C-terminus. Pure HDM can be eluted 
from the column using wash buffers 4 and 5. In the following rounds of HDM purification, the 
IMAC column was washed with wash buffers 1 and 3, and eluted with Elution buffer 2. 
Expression of HDM yields about 800 µg of the protein from 100 mL of the bacteria culture. 
The flow through from each washing buffer and elution buffer was analysed by SDS-PAGE 
and the gel results are illustrated in Figure 3.9. 
 
Recombinant HDM consists of 99 amino acid residues and is estimated to have a molecular 
weight of 11.4 kDa and a pI of 9.75 by ExPASy Compute pI/Mw, although it appeared as a 
12.5 kDa peptide on the SDS-PAGE gel. Nevertheless, immunoblotting against alkaline-
phosphatase conjugated anti-histidine tag antisera has confirmed that the isolated peptide has 
a His-tag as illustrated in Figure 3.10.  
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Figure 3. 9 SDS-PAGE analysis of HDM isolation using IMAC. Lanes 1-2: Flow through 
from Wash buffer 1; lanes 3-4: Flow through from Wash buffer 2; lanes 5-6: Flow through 
from Wash buffer 3; lanes 7-8: Flow through from Wash buffer 4; lanes 9-10: Flow through 
from Wash buffer 5; lanes 11-12: Flow through of supernatant; lane M; protein marker. 
HDM is eluted by Wash buffer 4 and Wash buffer 5 as observed in lanes 7-10. 
 
                                    
Figure 3. 10 Western immunoblotting analysis of HDM against anti-Histidine tag 
antibody. Lane 1: HDM; lane 2: positive control (HDM supplied by Ibukun Aibinu, 
unpublished). The histidine tag added to the C-terminal of the recombinant HDM in the 
current study is detected. 
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3.3.2 Is cathepsin L5 protease the specific enzyme to process HDM? 
3.3.2.1 HDM digestions by cathepsin L proteases secreted by adult F. hepatica 
In the current study, HDM digestion by three cathepsin L proteases secreted by adult F. 
hepatica was performed at pH 4.5 and pH 7.3 for comparison. SDS-PAGE analysis of HDM 
digestion by cathepsin L1, L2 and L5 at pH 4.5 every 45 min for 3 h is illustrated in Figures 
3.11 (a), (b), (c). After 3 h digestion, all of the HDM appeared to be completely digested into 
smaller fragments (between 9 kDa to 12 kDa) by the cathepsin L5 (Figure 3.11 (c)). As the 
total size of HDM was 12.5 kDa, it is believed there were several smaller size fragments 
produced but these could not be observed on the gel. About half of the HDM digested by 
cathepsin L1 produced an 11 kDa fragment and the other half of the HDM remained at the full 
length (Figure 3.11 (a)). A very small amount of HDM was still being digested by cathepsin 
L2 into 9 kDa fragments even after 3 h of digestion, as expected (Figure 3.11 (b)).  
 
At pH 7.3, only very small amounts of HDM were digested by both cathepsin L1 and L5 as 
illustrated in Figures 3.12 (a) and (b), similar to the digestion of HDM by cathepsin L2 at pH4.5. 
The current experiment indicates that only cathepsin L5 is able to digest HDM completely at 
pH 4.5, and that none of the cathepsin L proteases tested showed any significant digestion of 
HDM at physiological pH.  
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Figure 3. 11 Results of SDS-PAGE analysis displaying the digestion products of HDM at 
pH 4.5 by wild-type cathepsin Ls.  (a) cathepsin L1, (b) cathepsin L2 and (c) cathepsin L5, 
at a protease to HDM mass ratio of 100:1. Lanes C, 1, 2, 3, 4 and 5 indicate the control 
(HDM only, without protease), and the digestion mixture at 0, 45, 90, 135 and 180 minutes, 
respectively. Lane M is the protein marker. The predominant band remaining after L5 
digestion is smaller than that after L1 digestion while cathepsin L2 barely digested HDM.  
 
 
Figure 3. 12 Results of SDS-PAGE analysis displaying the digestion products of HDM at 
pH 7.3 by cathepsins L1 and L5. (a) cathepsin L1 and (b) cathepsin L5, at protease to HDM 
mass ratio of 100:1. Lane C, 1, 2, 3, 4 and 5 indicate the control (HDM only, without 
protease), and the digestion mixture at 0, 45, 90, 135 and 180 minutes, respectively. Lane M 
is the protein marker. At pH 7.3, neither cathepsin L1 nor cathepsin L5 show any significant 
digestion of HDM.  
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3.3.3 Is 163G the key determinant of unusual P2 Asp substrate acceptance by 
cathepsin L5 protease? 
3.3.3.1 Enzyme kinetic assays 
To probe the influence of 163G on cathepsin L Asp P2 acceptance, a single base alteration was 
created at residue 163 for both cathepsin L1 and L5 from alanine to glycine and glycine to 
alanine, respectively.  Enzyme kinetic assays were performed to compare the catalytic 
efficiency between wild-type cathepsin L proteases and mutants, and for this work two 
fluorogenic substrates were synthesised, Ac-Arg-Leu-Arg-AMC and Z-Asp-Arg-AMC. DR 
(Asp-Arg) was the substrate of interest while RLR (Arg-Leu-Arg) was used as a positive 
control (common substrate of cathepsin L isoforms).  
 
The enzyme kinetics was assessed at two different pH’s, –pH 7.3 the physiological pH and at 
pH 4.5, the pH of the parasite’s gut lumen. The results of the kinetic analysis of the enzyme 
assays are listed in Table 3.3 (pH 4.5) and Table 3.4 (pH 7.3). The Michaelis-Menten plot 
(drawn using GraphPad Prism) for each individual reaction can be found in Appendix 3. 
Unfortunately, the catalytic efficiency of the wild-types and their mutants against the substrate 
DR was not comparable, because there was no fluorescence detected other than cleavage by 
cathepsin L5 at pH 4.5. The final concentration of the cathepsin L5 used in the kinetic assay 
with the fluorogenic substrate DR was 231.14 nM, which is significantly higher than 0.3 nM 
used in the reaction with RLR. No fluorescence was detected when lower enzyme 
concentration were used. For other cathepsin Ls, final concentrations as high as 2 µM were 
tested however, no fluorescence detected. Hence, the HDM digestion by the cathepsin L 
mutants as described in Section 3.3.3.2 is a suitable alternative to achieve the objectives of this 
experiment. On the other hand, using fluorogenic RDR as a peptide substrate should be 
considered. 
 
Cathepsin L1, L2 and L5 shared a range of substrates at P2 with varying activity, depending 
on the substrate preference (Norbury et al., 2012, Stack et al., 2008) .  All cathepsin Ls have 
high catalytic efficiency for RLR (Kcat/Km ranges from 104 to 107). On the other hand, only 
cathepsin L5 has detectable fluorescence for DR, while not particularly efficient, it does 
indicate that cathepsin L5 is the only enzymes tested to cleave it, and more active in an acidic 
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environment.  Cathepsin L5’s preference of Asp at P2 is unusual among cathepsin Ls as 
suggested by P1-P4 combinatorial data (Norbury et al., 2012, Stack et al., 2008). Although 
cathepsin Ls shared a range of substrates, they have evolved to perform different functions with 
different substrates. Hence, cathepsin L5 with moderate enzyme activity against substrate DR 
while all others were non-detectable (thus relatively high) suggests that cathepsin L5 has a 
preference of a substrate which has an Asp at P2   and a specific function. As the putative 
cleavage site of HDM has an Asp at P2, cathepsin L5 may be the enzyme to cleave HDM in 
vivo.
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Table 3. 3 Catalytic efficiency of cathepsin L proteases against a common fluorogenic peptide substrate RLR or DR at pH 4.5. ND= not 
detected. 
Enzyme Substrate  Km(µM) ± Kcat(s-1) ± Kcat/Km(M-1s-1) 
CatL1 Ac-Arg-Leu-Arg-AMC (RLR) 32.09 2.782 328.92 9.43 1.02 x 107 
 Z-Asp-Arg-AMC (DR) ND ND ND ND ND 
CatL1 
A163G 
Ac-Arg-Leu-Arg-AMC (RLR) 29.38 2.967 57.00 2.19 1.94 x 106 
 Z-Asp-Arg-AMC (DR) ND ND ND ND ND 
CatL2 Ac-Arg-Leu-Arg-AMC (RLR) 60.97 5.874 2.06 0.08 3.38 x 104 
 Z-Asp-Arg-AMC (DR) ND ND ND ND ND 
CatL5 Ac-Arg-Leu-Arg-AMC (RLR) 6.353 0.550 12.20 0.33 1.92 x 106 
 Z-Asp-Arg-AMC (DR) 29.59 2.063 6.13 x 10-3 1.52 x 10-4 207 
CatL5 
G163A 
Ac-Arg-Leu-Arg-AMC (RLR) 5.151 0.3409 64.14 1.20 1.25 x 107 
 Z-Asp-Arg-AMC (DR) ND ND ND ND ND 
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Table 3. 4 Catalytic efficiency of cathepsin L proteases against a common substrate RLR or DR at pH 7.3. ND = not detected. 
Enzyme Substrate  Km(µM) ± Kcat(s-1) ± Kcat/Km(M-1s-1) 
CatL1 Ac-Arg-Leu-Arg-AMC (RLR) 23.93 2.408 725.28 26.35 3.03 x 107 
 Z-Asp-Arg-AMC (DR) ND ND ND ND ND 
CatL1 A163G Ac-Arg-Leu-Arg-AMC (RLR) 30.37 3.242 144.72 5.95 4.77 x 106 
 Z-Asp-Arg-AMC (DR) ND ND ND ND ND 
CatL2 Ac-Arg-Leu-Arg-AMC (RLR) 18.48 1.139 5.82 0.12 3.15 x 105 
 Z-Asp-Arg-AMC (DR) ND ND ND ND ND 
CatL5 Ac-Arg-Leu-Arg-AMC (RLR) 9.962 0.6937 13.61 0.35 1.37 x 106 
 Z-Asp-Arg-AMC (DR) ND ND ND ND ND 
CatL5 G163A Ac-Arg-Leu-Arg-AMC (RLR) 5.562 0.3906 43.56 0.89 7.83 x 106 
 Z-Asp-Arg-AMC (DR) ND ND ND ND ND 
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3.3.3.2 HDM digestions by mutants of cathepsin L proteases 
The mutants cathepsin L1 A163G and cathepsin L5 G163A were created to assess the 
importance of a glycine at residue 163 in determining the preference of substrates with a P2 
Asp. The putative cleavage site of HDM is after R56 (P1) thus D55 would be accommodated 
at P2, which is a suitable substrate to test the influence of G163 in the enzyme substrate 
preference. HDM digestion by mutants of cathepsin L1 and L5 are illustrated in Figure 3.13. 
 
HDM was incompletely digested by mutant cathepsin L5 G163A at 3 h as illustrated in lane 5, 
Figure 3.13 (b), indicating the catalytic efficiency of the mutant cathepsin L5 G163A to digest 
HDM may be similar to that of its wild-type. A substantial amount of full-length HDM 
remained after 3 h of digestion by cathepsin L5 mutant (lane 5, Figure 3.13 (b)) while it was 
completely digested by wild type (lane 5, Figure 3.11 (c)). The pattern of the digestion products 
shown in the gel picture at 3 h was similar to its corresponding wild-type, although the 
fragments were generally smaller in size after 90 min of digestion, as illustrated in lane 3, 
Figure 3.11 (c). On the other hand, HDM digestion by mutant cathepsin L1 A163G (Figure 
3.13 (a)) did not show any improved efficiency at levels as high as cathepsin L5 (Figure 3.11 
(c)). 
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Figure 3. 13 Results of SDS-PAGE analysis displaying the digestion products of HDM at 
pH 4.5 by cathepsins L mutants. (a) cathepsin L1 A163G and (b) cathepsinL5 G163A 
having a protease to HDM ratio of 100:1.   Lanes C, 1, 2, 3, 4 and 5 indicate the control 
(HDM only, without protease), and the digestion mixturea at 0, 45, 90, 135 and 180, 
respectively; Lane M is the protein marker. The mutant of cathepsin L1 barely digested HDM 
while the mutant of cathepsin L5 substantially digested HDM. Neither mutant reverses the 
efficiency of the corresponding wild type to digest HDM. 
 
3.3.3.3 Enzyme-substrate binding affinity 
Enzyme-substrate binding affinity calculations based on 3D protein structure models are a 
computational method used to measure substrate acceptance by a particular enzyme. To obtain 
a reliable binding affinity, as calculated by Vina AutoDock, the model of the enzyme and ligand 
provided needs to be as close as possible to the real structure. Therefore, models of cathepsin 
L with substrate RLR were built based on homology with the crystal structure of human 
cathepsin L with ligand QLA (3K24). Then, the ligand of interest in this study, RDR was 
obtained by mutating the L within RLR to D using the DeepView program.   
 
Among the 20 common amino acids, five have a side chain which can be charged, they are 
aspartic acid and glutamic acid (negatively charged), lysine, arginine and histidine (positively 
charged). At pH 4.5, Lys and Arg are protonated (positively charged), similar to what is 
expected at pH 7.3. Additionally, at pH 4.5, Asp (pKa=3.65) and Glu (pKa=4.25) are both 
predominantly deprotonated (negatively charged), with 88 % and 64 % deprotonation 
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respectively. On the other hand, free histidine is expected to be predominantly doubly 
protonated (positively charged) at pH 4.5; however, the only His residue in the active site is 
His162, which is shielded from the solvent and forms part of a catalytic dyad with Cys25, 
sharing a proton between their sidechains. Thus, His 162 is likely to be resistant to additional 
protonation at pH 4.5 (similar in manner to His hydrogen-bonded to neighbouring polar 
sidechains in other proteins).  
 
Therefore, at pH 4.5, the charges of titratable residues (particularly those within the active site) 
are likely to be predominantly similar to those at pH 7.3. Nonetheless, the effect of protonating 
active site titratable residues on binding affinity is explored in the following section. The 
protonation state of each of these amino acids was adjusted as follows: to emulate acidic pH, 
Asp and Glu sidechains were protonated, while His was doubly protonated; and to emulate 
neutral pH, Asp and Glu were deprotonated while His was singly protonated. Protonation states 
were assigned using the pdb2gmx program in the Gromacs package. 
 
Binding affinities of cathepsin L1 and L5 with the ligand RDR in the acidic and neutral 
environment calculated by AutoDock Vina are shown in the Table 3.5: the lower the binding 
energy the stronger the interaction between enzyme and ligand, which is expected to lead to 
faster cleavage activity, ie faster kinetics. Overall, the binding energy for each enzyme-ligand 
model was lower in the acidic environment compared to the neutral environment. 
 
It is also interesting to note that the trend in binding affinity for the four cathepsin L variants 
does not change with respect to titratable sidechain protonation state (Table 3.5). In particular, 
the binding affinity of RDR to cathepsin L5 is also predicted to be ~0.2 kcal/mol more negative 
than cathepsin L1 at “neutral” pH, and suggests that the active site of cathepsin L5 has 
intrinsically greater capacity to bind (and cleave) RDR compared to cathepsin L1 regardless of 
active site protonation state. Thus, it is possible that the experimentally-determined pH-
dependent differences in catalytic activity between cathepsin L5 and L1 may also involve 
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factors other than active site protonation states. Further work is needed to fully explain the pH-
dependence of cathepsins L5 and L1 protease activity. 
 
Table 3. 5 Binding affinity of cathepsins L1 and L5 with ligand RDR in acidic and neutral 
environments 
Model Binding affinity- acidic 
(kcal/mol) 
Binding affinity- neutral 
(kcal/mol) 
CatL1RDR -7.85053 -7.01188 
CatL5RDR -8.01244 -7.20903 
CatL1A163GRDR -7.736 -6.89737 
CatL5G163ARDR -8.12416 -7.32075 
 
3.3.3.4 Calculation of enzyme-substrate interaction 
To investigate the interaction of cathepsin Ls particular residue 163 with ligand RDR, hydrogen 
bonds and hydrophobic interactions between the ligand RDR to cathepsin L1 and L5 were 
calculated and drawn using LIGPLOT. The LIGPLOT algorithm reads the 3D structure of the 
ligand from the PDB file, together with the protein residues it interacts with and ‘unrolls’ each 
object about its rotatable bonds, flattening them out onto the 2D page. LIGPLOT also uses the 
HBPLUS program to calculate hydrogen bonds and non-bonded contacts.  
 
The schematic diagrams of the interactions between cathepsins L1 & L5 with ligand RDR were 
generated by the LIGPLOT program and are illustrated in Figure 3.14.  Hydrogen bonds 
involved in the interaction and their lengths from the ligand to the amino acid residues of 
cathepsin are identical between cathepsin L1 and L5, i.e. residues 23, 25, 26, 63, 66, 67, 68, 
69, 135, 160, 161, 162 and 209 with the exception that residue 63 of cathepsin L1 is predicted 
to have a hydrophobic contact with the ligand which is not present in cathepsin L5. There is no 
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hydrogen bond or hydrophobic interaction predicted between residue 163 of the cathepsin Ls 
and ligand RDR. 
 
Comparison of the two enzyme-ligand plots showed that there were limited differences in the 
residues involved in the hydrophobic interactions between the two cathepsins and its ligand. 
This is partly due to the fact that cathepsin L1 and L5 share an 87 % amino acid sequence 
identity. Of all the amino acid residues predicted to be involved in enzyme-ligand hydrophobic 
contacts, only two positions are composedof different amino acids in cathepsins L1 and L5, i.e.  
G66, V160 of cathepsin L1 and N66 and L160 of cathepsin L5.  
 
. 
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Figure 3. 14 Plot showing the hydrogen bonds and hydrophobic interaction. (a) Between Fasciola hepatica cathepsin L5 with substrate 
RDR, and; (b) Between Fasciola hepatica cathepsin L1 with substrate RDR.  Hydrogen bonds involved in the interaction and their length from 
the ligand to the amino acid residues of cathepsin are identical between cathepsin L1 and L5, except that cathepsin L1 has an additional residue 
63 involved –see at top of Figure (a).There is no hydrophobic contact predicted between residue 163 and ligand RDR.
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3.4 DISCUSSION AND CONCLUSION 
The aim of the initial part of the study in the current chapter was to engineer the 
recombinant cathepsin L proteases and HDM for digestion analysis. Activation of 
cathepsin L1 and its mutant was unsuccessful using Buffer A where cysteine 
hydrochloride was used as a reducing agent. Instead, a buffer consisting of 0.1 M 
sodium citrate, 1 mM DTT, 1.25 mM EDTA at pH 5.0 was used for activation as 
described in another study (Collins et al., 2004). The reducing agent is an essential 
component in the activation buffer because it prevents the cysteine residues at the active 
site from being oxidized (Klein et al., 1969). Although both cysteine hydrochloride and 
DTT are commonly used in papain cysteine protease activation to keep the cysteine 
residues in a reduced state (Jinka et al., 2009), DTT may undergoes more efficient redox 
process than cysteine due to the present of its two thiol groups. Additionally, unlike 
one-thiol cysteine, DTT has no charge and will not influence by electrostatic charge. 
The difference of the enzyme active sites among cathepsin L isoforms may also 
attributed to the different interaction towards DTT and cysteine. 
 
Next, the digestion of HDM by recombinant cathepsins L1, L2 and L5 was assessed at 
pH 4.5 and by cathepsin L1 and L5 at pH 7.3. Digestion of HDM is important because 
it is involved in host immune response modulation. Cathepsin L1 was demonstrated to 
be able to partially cleave HDM and releases a bioactive peptide which is involved in 
the host immune response modulation at pH 4.5 but not at pH 7.3. In its role as an 
immunomodulator, both the full length HDM and the C-terminus of HDM can bind to 
LPS and inhibit LPS binding to the cell surface of macrophages. Comparatively, the C-
terminal of HDM can inhibit LPS binding to the macrophages (58% inhibition) stronger 
compared to the full-length version (29% inhibition) (Robinson et al., 2011b). Also, 
HDM can be processed by host lysosomal cathepsin L and suppress antigen processing 
and presentation in macrophages via inhibition of lysosomal vATPase (Robinson et al., 
2012).  
 
The fragment size of HDM digested by cathepsin L5 at pH 4.5 is 12 kDa, 11 kDa and 
9 kDa. According to P1 to P4 substrates profiling of cathepsin L5, P1 has highly 
preferred residues are K, Q (absent in HDM), R and E while P2 highly preferred residue 
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L, D and V (Norbury et al., 2012). Hence, assuming that cathepsin L5 cleaves after 
LK/DK/VK, LR/DR/VR and LE/DE/VE, the HDM fragements produced that have the 
size matched or close to the fragments observed in Figure 3.10 (c) are cleaved after LE 
at the C-terminal. This cleavage is predicted to yield a fragment with size about 10.6 
kDa, which is close to 11 kDa as observed in Figure 3.10 (c). This putative cleavage 
site has also been predicted in a previous study (Robinson et al., 2011b). 
 
The parasitism process involves invasion, migration, feeding and reproduction within 
the host which exposes the parasites to the risk of being expelled from the body of the 
host by the host immune responses.  Hence, the ability of the parasite to modulate host 
immune responses is crucial for successful parasitism and to ensure longevity within 
the system of the host. Examples of Fasciola immunomodulators are peroxiredoxin, 
which promotes the development of host Th2 responses (Robinson et al., 2013) and 
cathepsin L1, which degrades TLR3 to alter macrophage functions (Donnelly et al., 
2010) respectively.  
 
HDM has been isolated from the secretion of juvenile and adult flukes (Martinez-
Sernandez et al., 2014, Robinson et al., 2012, Robinson et al., 2011b) while cathepsin 
L1 and cathepsin L5 proteases are secreted by immature and adult flukes (Robinson et 
al., 2009b). The preference of cathepsin L5 to accommodate an Asp at its P2 for 
cleavage (Norbury et al., 2012) and the putative cleavage site of HDM with an Asp 
(Robinson et al., 2011b) implies that cathepsin L5 is the specific protease to digest 
HDM rather than cathepsin L1.  
 
To compare the HDM digestion by cathepsins L1, L2 and L5, a consistent HDM to 
cathepsin L mass ratio of 50:1 was used, which is half the amount of enzyme used in 
the study by Robinson and colleagues (Robinson et al., 2011b). In the study of 
Robinson and colleagues (Robinson et al., 2011b), mass spectrometric analysis of the 
cathepsin L1 cleavage products detected 3 fragments smaller in size than the full length 
HDM (9.3 kDa). The largest fragment of the digestion products was the full-length 
HDM without the His-tag (8.4 kDa) and two smaller fragments with the same molecular 
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weight of 4.3 kDa (C-terminus and N-terminus). The cleavage site to produce the two 
smaller fragments was after R56 (P2 D55) while the cleavage site to produce the full 
length HDM without the His-tag was after E93 (P2 L92). (Robinson et al., 2011b).  
 
To predict the location of cathepsin L5 digesting HDM, digestion assays were 
performed at pH 4.5 (gut lumen pH) and pH 7.3 (physiological pH). Cathepsin L 
proteases are made within the epithelial cells lining the parasite gut. Epithelial cells 
have both secretory and absorptive functions and spread extended lamellae into the gut 
lumen (Halton, 1997). The acidic pH in the gut lumen allows activation of the cathepsin 
L protease by autoprocessing.  
 
In the current study, HDM digestion analysis demonstrated that cathepsin L5 was the 
only protease that completely digested the host immunomodulator within 3 h at pH 4.5. 
The other two proteases co-expressed by adult F. hepatica –cathepsin L1 and L2 did 
not show similar catalytic efficiency under the same assay conditions. On the other hand, 
both cathepsin L1 and L5 secreted by adult F. hepatica did not show significant HDM 
digestion at pH 7.3. Digestion of HDM by cathepsin L2 was not performed at pH 7.3 
however it is probable it would not digest because there is no fluorescence detected in 
enzyme kinetic assays using cathepsin L2 against fluorogenic substrate AMC-DR-Z at 
pH 7.3, which is similar to the outcome of using cathepsin L1 and L5. This finding 
suggests that cathepsin L5 is most likely the specific enzyme able to cleave HDM within 
the gut lumen of the parasite (pH 4.5) but not in the external environment of the host, 
where the pH is pH 7.3. 
 
In previous studies, it was found that cathepsin L1 (Robinson et al., 2011b) and 
cathepsin L5 could only process HDM at pH 4.5 but not at pH 7.3. Further, 
immunolocalization studies did not find HDM and cathepsin L present at the same 
location (Martinez-Sernandez et al., 2014). Therefore, it was speculated that some 
tegumentally excreted HDM does enter into the gut lumen of the adult parasites during 
the regular processes of regurgitation in order to empty the gut content and refill it with 
external host blood for feeding. This speculation could also explain the reason why full-
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length HDM and its C-terminal fragment were both found in the secretions of the adult 
fluke (Robinson et al., 2011b). 
To investigate the importance of residue G163 in the substrate preference of cathepsin 
L5, mutation at this location from alanine to glycine (cathepsin L1) and glycine to 
alanine (cathepsin L5) were created. G163 is of interest because Norbury and 
colleagues proposed that the key requirements for P2 Asp acceptance in Fasciola and 
human cathepsin L are G163 and a non-acidic residue at position 161. The Asp at 
position 161 of human cathepsin L located in close proximity to the P2 sidechain 
position of the H3 peptide ligand may result in electrostatic repulsion with the P2 Asp. 
Therefore, human cathepsin L with an acidic 161 residue did not have the same P2 Asp 
preference as Fasciola cathepsin L5, although both cathepsins have G163 (Norbury et 
al., 2012). Recombinant Fasciola cathepsins L1, L5 and their mutants engineered in 
the current study have an acidic 161 residue which is an asparagine. 
 
Enzyme kinetic assays were performed to assess the difference in the digestion 
efficiency among wild type and mutant against a substrate with P2 Asp. The synthetic 
fluorogenic substrate Z-DR-AMC was used for assessment and AC-RLR-AMC (a 
common substrate of cathepsin L proteases) was used as a positive control. It is 
expected that Arg and Asp can be accommodated at P1 and P2 of the enzyme active 
site, respectively, while AMC would accommodate at P1’, for an effective catalytic 
reaction to occur, where the bond between AMC and Arg is cleaved. 
 
In this experiment, the catalytic efficiency of the wild-types and their mutants against 
the substrate DR was not comparable, because there was no fluorescence detected other 
than cleavage by cathepsin L5. Neither of the other cathepsin L isoforms, nor mutants, 
produce a detectable fluorescence signal, hence the measurement of HDM digestion by 
the cathepsin L mutants is a good alternative to achieve the objective of this experiment. 
The results agree with the substrate profiling studies by positional scanning of synthetic 
combinatorial libraries, where cathepsin L5 highly preferred an aspartic acid to be 
accommodated at its P2, while cathepsin L1 and L2 did not (Norbury et al., 2012). 
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Alternatively, the preference of a P2 Asp by the mutants of cathepsin L1 and L5 were 
assessed by HDM digestion at pH 4.5, because HDM also has an Asp at its putative 
cleavage site to be accommodated at P2 of cathepsin L. The mutant of cathepsin L1 
A163G was constructed so it possessed the same residue as cathepsin L5 at two 
important sites – N161 and G163 (Norbury et al., 2012). Thus, the cathepsin L1 A163G 
was expected to have a similar Asp P2 preference as cathepsin L5. However, the mutant 
cathepsin L1 A163G did not show an equal catalytic efficiency to cleave HDM as 
cathepsin L5 nor, is the mutant better than its wild-type (cathepsin L1) counterpart as 
illustrated in Figures 3.12 (a), 3.10 (c) and (a) respectively. About half of the HDM was 
digested into smaller fragments by cathepsin L1 A163G with the most intense band at 
11 kDa, similar to the digestion products of its wild-type, although the cleavage sites 
are different. On the other hand, the catalytic efficiency of the cathepsin L5 mutant was 
substantially reduced compared to the wild type. Indeed, full-length HDM (12 kDa) 
was completely digested by wild type cathepsin L5 while a substantial amount of full-
length HDM remained in the sample after 3 h of digestion by mutant cathepsin L5. The 
importance of a non-acidic 161 residue to P2 Asp acceptance was not able to be 
evaluated in the current study as mutants at this position were not created for assessment.  
 
The findings of the current experiment suggest that a glycine at position 163 of the 
cathepsin L S2 subsite is crucial in determining the acceptance of Asp at P2 as the 
cleavage efficiency of cathepsin L5 G163A is substantially reduced compared to its 
wildtype. However, it is unlikely that the amino acid residue at position 163 is the only 
key residue that determines this substrate preference. Other unique amino acid residues 
of cathepsin L5 might possess significant interactions with the P2 aspartic acid 
associated with G163 which promote this unusual substrate preference of cathepsin L5. 
This is because although alteration of G163 to A163 in cathepsin L5 reduced its 
cleavage efficiency, alteration of A163 to G163 in cathepsin L1 did not improve its 
efficiency at a similar rate. The outcome from this analysis is similar to the previous 
study where mutant cathepsin L1 L69Y with S2 subsite mimicking cathepsin L2 and 
human cathepsin K did not enhanced the ability of mutant to accept Pro, and neither did 
it showed an ability to degrade collagen as did cathepsin L2 and human cathepsin K 
(Stack et al., 2008). 
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To investigate the other residues that might be involved in the P2 Asp preference of 
cathepsin L5, AutoDock Vina was used to calculate the binding affinity of RDR to 
cathepsin L1 and L5 in both an acidic and neutral environment for comparison. The 
overall binding energy for each enzyme-ligand model was lower at low pH, and implies 
that the substrates were likely being processed by the cathepsin L proteases within the 
parasite’s gut lumen, which agrees with the hypothesis. Similarly, cathepsin L5 with 
ligand RDR exhibited a higher binding affinity at pH 4.5 compared to cathepsin L1. 
These results concur with the outcome of the enzyme kinetic assays found that only 
cathepsin L5 showed detectable reaction with the substrate DR. However, the binding 
affinity of RDR to cathepsin L5 is also predicted to be higher than cathepsin L1 even 
under neutral pH, and suggests that the active site of cathepsin L5 has intrinsically 
greater capacity to bind (and cleave) RDR compared to cathepsin L1 regardless of 
active site protonation state. The possibility that pH-dependent differences in catalytic 
activity between cathepsins L5 and L1 may involve factors other than active site 
protonation states is worth further study. 
 
The estimated binding affinity of the cathepsin L1 mutant is higher (~ 0.11 kcal/mol, 
about 0.5 kJ/mol) than its wild-type, while the cathepsin L5 mutants is lower (~ -0.11 
kcal/mol, about -0.5 kJ/mol) than its wild-type which contradicts the prediction based 
on the results of the HDM digestion analysis.  A molecular dynamics simulation 
analysis to gain insight into the dynamics and structural differences among the proteases 
may be able to resolve these discrepancies. 
 
In addition, according to the hydrogen bond and hydrophobic analysis by LIGPLOT, 
there was a set of 13 residues in both cathepsin L1 and L5 that showed hydrophobic 
contact to the ligand RDR. Among these residues there are different amino acids at 66 
and 160 in cathepsin L1 (G66, V160) and L5 (N66, L160). Leucine and valine are 
amino acids with hydrophobic side chains, giving hydrophobic interaction ability to the 
molecules. Since the number of carbon atoms on the hydrophobes determines the 
strength of the hydrophobic interaction, L160 of cathepsin L5 with 4 carbons on the 
side chain would exhibits a stronger hydrophobic interaction than V160 of cathepsin 
L1 which only has 3 carbons on the side chain.  
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Although the hydrophobicity index of asparagine and glycine are very low (Monera et 
al., 1995, Sereda et al., 1994), N66 of cathepsin L5 is a polar amino acid which has a 
high propensity to hydrogen bond, while G66 of cathepsin L1 is the smallest amino acid 
without a side chain, providing flexibility to the polypeptide chain. Thus, residue 66 
might be involved in another type of contact with RDR, rather than a hydrophobic 
contact, and the displacement of water molecules when two residues come in contact to 
form a hydrophobic interaction can be further examined by molecular dynamics 
simulation. Therefore, cathepsin L5 is predicted to have stronger hydrophobic contacts 
with ligand RDR arising from residue N66 and, L160 compared to cathepsin L1 from 
residues G66 and V166. This agrees with the hypothesis that ligand RDR associates 
more strongly bonds stronger with cathepsin L5 than cathepsin L1.  
 
In conclusion, the study in the current chapter has demonstrated that in vitro cathepsin 
L5 is the specific enzyme to cleave HDM at pH 4.5, which is most likely in the gut 
lumen of the F. hepatica. Secondly, a glycine at residue 163 is crucial to determine the 
P2 Asp preference of cathepsin L5 but it is not the only determinant. Hydrogen bond 
and hydrophobic contact predictions concur with the HDM digestion analysis, where 
cathepsin L5 is predicted to have a stronger interaction with ligand RDR based on its 
unique residues at 66 and 160. The results of the binding affinity calculations contradict 
the other findings although the differences in binding affinities are quite small (0.5-1 
kJ/mol), and not conclusive.  
 
Enzyme-substrate interactions that result in efficient catalysis are complicated, 
involving various factors which are impossible to predict solely based on the LIGPLOT 
analysis and binding affinity predictions. Molecular dynamics simulation is a superior 
computational method that can be used to elucidate enzyme-ligand interactions, and the 
results of such a study performed on the cathepsin L isoforms and their mutants is 
presented in Chapters 4 and 5.  
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Chapter 4    
Structural dynamics analysis of apo-cathepsin L proteases 
examined by molecular dynamics simulation 
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4.1 INTRODUCTION 
Fasciola hepatica expresses various cathepsin L proteases throughout its life stages 
while within the definitive host. Phylogenetic analysis of the Fasciola cathepsin L gene 
family revealed that members of this gene family expand through a series of gene 
duplications followed by divergence of residues in the active site. These evolutionary 
events gave rise to three clades of cathepsin L isoforms associated with mature adult 
worms (cathepsin L1, L2 and L5) and two classes specific to juvenile and immature 
worms (cathepsin L3 and L4) (Robinson et al., 2008b). As a result, there is a repertoire 
of cathepsin L proteases that possess overlapping and complementary substrate 
specificity.  
 
Following protein synthesis on the ribosome, the protein must fold to be functional. 
Due to the interactions between the side chains of amino acids, the sequence and 
location of amino acids in a particular protein determine the three-dimensional structure 
of the protein. At the enzyme active site, amino acid interactions form the unique shapes 
and structures of the enzyme active site pocket which determine the substrate 
acceptance and specificity (Alberts, 2002, Dinner et al., 2000).  
 
Previous studies on the enzyme active site of Fasciola cathepsin L2 (Stack et al., 2008) 
and mutant cathepsin L5 L69Y (Smooker et al., 2000) showed that a Tyr at position 69 
is required for these enzymes to be able to cleave substrates containing P2 Pro. In 
addition, Stack et al. reported that amino acid residues at position 157, 158 and 209 
were also shown to be crucial in the determination of substrate preference of the 
cathepsin L (Stack et al., 2008).  
 
Cathepsin L5 is a protease secreted in small amounts (less than 10 % of the total 
secreted proteases) by Fasciola hepatica during the immature and adult stages of its life 
cycle (Robinson et al., 2009b).  Profiling of the substrate specificity at the active site 
pocket P1 to P4 using positional scanning synthetic combinatorial libraries showed that 
cathepsin L5 has an unusual preference towards an Asp at P2 (Norbury et al., 2012, 
Stack et al., 2008). In chapter 3 of the current study, it has been shown that cathepsin 
L5 is the specific enzyme among other co-expressed proteases to completely process a 
host immunomodulator (HDM) which contains a P2 Asp at its putative cleavage site, 
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and that glycine 163 at the S2 subsite is not the only determinant of this P2 Asp 
preference.  
 
Hence, a study of the structural and dynamic difference between wild-type cathepsin 
L1 and L5 may explain their different substrate preferences. On the other hand, 
elucidation of the structural changes at the enzyme pocket after alteration of residue 
163 may reveal the importance of this residue in substrate preference, and may also 
identify any other residues in the vicinity which are associated with 163 in determining 
substrate preference. 
 
The objectives of the work described in this chapter are: 
1) To study the differences between apo-cathepsin L1 and apo-cathepsin L5 
associated with their structural and dynamic features. 
2) To study the differences between wild-type apo-cathepsin L proteases and their 
mutants associated with their structural and dynamic features. . 
3) To assess the conformational diversity of cathepsin L proteases. 
 
The results and discussion sections in this Chapter are combined because it is more 
appropriate for the type of analysis used. The broad range of analysis techniques 
employed, and data produced, lend themselves more readily to interpretation within 
self-contained sections.  
 
In particular, sections dealing with the "convergence" of the simulation trajectories 
comprise a substantial portion of this Chapter, and in such analyses the raw results are 
only meaningful in light of an immediate discussion of their statistical significance. 
The overall findings obtained from the analyses are summarised in the Conclusions 
section of this chapter. 
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4.2 MATERIALS AND METHODS 
4.2.1 Evaluation of conformational sampling 
Simulation of apo-cathepsin L1, L5 and mutants were performed as described in 2.11.1. 
Trajectories of the first 1000 time-frames, and therefore 2 pico seconds, were discarded, 
and the trimmed set of three trajectories from 10 ns simulations were concatenated 
using the trjcat program in GROMACS (Berendsen et al., 1995) with –cat option to 
retain the frames with identical time stamps.  
 
The quality of conformational sampling, as well as the major concerted motions 
exhibited during the course of the simulations, were assessed using principal 
component analysis (PCA), which involves the following calculations :in GROMACS, 
g_covar was used to calculate and diagonalize the covariance matrix, g_anaeig was 
used to analyze the eigenvectors and g_analyze was used to calculate the cosine content 
from principal components (Berendsen et al., 1995). 
 
Graphs of principal components versus cosine content were drawn using the R 
statistical analysis package (R-Core-Team, 2013). 
 
4.2.2 RMSD and RMSF calculation 
The Trjconv program in GROMACS was used to extract the trajectory files and remove 
the rotational and translational motions of the proteins, thereby enabling analyses of the 
intramolecular motions of the proteins, by fitting the protein backbone structure of each 
timeframe to that of the previous one (i.e. progressive fitting). The g_rms function was 
then used to calculate the RMSD from backbone to backbone of the reference (starting) 
structure. Protein RMSF values were calculated using g_rmsf. 
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4.2.3 Representative conformation of apo-cathepsin L 
Cluster analyses were performed on PC projection trajectory files to identify 
representative conformations of apo-cathepsin L. In order to enable rapid calculation 
without significant loss of information, every 5th line of the PC and therefore every 0.01 
ps was retained for clustering. Estimation of the number of clusters for each data set 
and clustering were performed using the cluster and factoextra package in the R 
statistical analysis package (R-Core-Team, 2013).  
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4.3 RESULTS AND DISCUSSION 
4.3.1 Evaluation of conformational sampling 
In MD simulation, the projections of a trajectory on the eigenvectors of its covariance 
matrix are called principal components. Principal components (PC) analysis 
systematically reduces the number of dimensions and extracts the essential elements in 
the data by using a covariance matrix constructed from atomic coordinates that are 
needed to describe protein dynamics (Balsera et al., 1996).  
 
A common measure of the conformational sampling effectiveness of a simulation 
trajectory is its cosine content. Cosine content is a measure of the closeness of the PC 
to a cosine shape. The cosine content value varies between 0 (represents no cosine shape) 
and 1 (perfect cosine shape). A cosine content of the first few PCs close to 1 indicates 
insufficient sampling for determining biologically-relevant motions i.e. the largest-
scale motions in the protein dynamics cannot be distinguished from the dynamics of 
random diffusion (Maisuradze et al., 2006, Maisuradze et al., 2007, Tournier et al., 
2003). For values lower than 0.7 no conclusions can be made (Hess, 2002). However, 
observations from recent studies show that a cosine content value consistent with 
sufficient sampling might lie somewhere around 0.2 for small peptides, and around 0.5 
for proteins (Maisuradze et al., 2006, Maisuradze et al., 2007).  
 
Three independent replicates of MD simulation were performed for each investigated 
cathepsin L isoform in the current study. PCA was then applied to assess the extent of 
conformational sampling achieved within the limits of the timescales of the current 
simulations.  
 
The cosine content was calculated for the first 20 PCs for each of the three independent 
replicates and the concatenated trajectories, in which all three simulations for a 
particular cat L isoform are combined into a single continuous trajectory. The cosine 
contents of the first few PCs of concatenated trajectories is below 0.5, and are lower in 
average compared to each independent replicate, as illustrated in Figure 4.1.  This 
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indicates that 30 ns trajectories obtained from the concatenation of 3 replicates shows 
no evidence of poor conformational sampling according to the cosine content value. 
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Figure 4. 1  Cosine content of  first 20 PCs for apo-enzyme. (a) cathepsin L1, (b) cathepsin L1 A163G, (c) cathepsin L5 and (d) cathepsin L5 
G163A ; cosine content of concatenated trajectories (black lines) exhibit lower values compared to all independent replicates. Red lines indicate 
cosine content of replicate 1; blue lines indicate cosine content of replicate 2 and green lines indicate cosine content of replicate 3. The cosine 
content of the first few PCs of concatenated trajectories is below 0.5 and are lower on average compared to each independent replicate, which 
indicates that 30 ns trajectories have sufficient sampling and the data are valid to use for subsequent analysis. 
a b 
c
  b 
d
  b 
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It is noteworthy that the plotted graphs of PC1 versus PC2 and PC1 versus PC3 of wild-
type cathepsin L1 (Figure 4.1 (a)) and L5 (Figure 4.1 (c)) show a U-shape relationship 
between the two principal components. According to Hess and colleagues, such a 
pattern may indicate random diffusion within the simulation, and is interpretable as 
thermal motion along a shallow free-energy landscape rather than functionally relevant 
motion (Hess, 2000, Hess, 2002). 
 
In addition, a reliable simulation should sample a wide region of the conformational 
space while a partial overlap between replicates of trajectories should be achieved (Hess, 
2002). From the scatter plots of projections along principal components 1 and 2 as 
shown in Figure 4.2, it can be seen that the trajectories from the independent replicates 
of apo-cathepsin L1 A163G and apo-cathepsin L5 G163A simulations cover similar 
conformational spaces, which indicate the sampling of 30 ns simulation may not be 
enough for these two models. Each replicate of a simulation starts from a different point 
on the PC1/PC2 surface (represented by a Δ in Figure 4.2) and it is noteworthy that the 
starting points of the mutants are more scattered than for the wild type, which may also 
be causing the poor sampling during the mutant simulations. Apart from the possibility 
of poor sampling during the mutant simulations contributing to the similar 
conformational spaces for PC1 vs PC2 plots, it may also be caused by the more rigid 
structure of the mutants compared to the wild type. 
 
138 
 
           
          
Figure 4. 2 Scatter plots of bidimensional projection along principal components 
1 and 2 for apo-enzyme. (a) apo-cathepsin L1; (b) apo-cathepsin L1 A163G; (c) apo-
cathepsin L5; (d) apo-cathepsin L5 G163A.  The position of the initial structure is 
marked as a triangle of lighter colour for each replicate.  For the mutants, the overlap 
of the scatter plots in the same region suggests the 30 ns simulation sampling time may 
not be long enough to observe significant differences for these two models.
a b 
c
  a 
d
  a 
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4.3.2 Structural and dynamic features  
To probe the structural and dynamic features and their differences among cathepsin L 
isoforms and mutants, comparative MD simulations were performed in the absence of 
the substrate. In MD simulation, each structure from a trajectory (-f) is compared to a 
rigid, superimposed reference structure, which is taken from the structure file (-s). This 
structure file (.tpr) contains the starting structure for the simulation, the molecular 
topology and all simulation parameters. The measurement of the average distance 
between the backbone atoms (N, C, Cα) of the structure under test, and those of the 
rigid superimposed reference structure, is called root-mean-square deviation (RMSD).  
In this study, the reference structures of cathepsin L protease models were generated 
based on homology with the experimental human cathepsin L crystal structure (3K24).   
 
4.3.2.1 Structural and dynamic features difference between cathepsin L1 and L5 
To investigate the global structure similarity between the wild-type cathepsin L1 and 
L5, RMSD values of every 10th frame (0.02 ps) from the trajectory of the 10 ns MD 
simulation were extracted. The average RMSD from three replicates of 10 ns 
simulations was calculated for each protease, and  plotted as shown in Figure 4.3 for 
comparison.  
 
Overall, there were no drastic differences in behaviour between cathepsin L1 and L5 
although slightly higher RMSDs were observed for cathepsin L1 between 4 to 6 ns of 
simulation. 
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Figure 4. 3 Average backbone RMSDs over the couse of a 10 ns simulation at 300 
K for (a) cathepsin L1 (blue line) versus cathepsin L5 (orange line). Slightly higher 
RMSD values were observed for cathepsin L1 between 4 to 6 ns of simulation. 
 
To estimate the potential flexibility of the proteases, the root mean square fluctuation 
of each residue was calculated. The RMSF is a measure of the average atomic mobility 
(Vendome et al., 2011). A higher RMSF value indicates the residue exhibits more 
flexible movements, while a low RMSF value indicates limited movements during 
simulation in relation to its average position (Kumar et al., 2014).  
 
Therefore, the RMSF value differences between cathepsin L1 and L5 have been plotted 
as illustrated in Figure 4.4. Overall, the structure flexibility is quite similar between 
these two proteases. Cathepsin L1 has more flexibility at residue 9, 58, 101 and 191 
while cathepsin L5 has more flexibility at residue 43, 91 and 187. The location of the 
residues which exhibit higher flexibility are illustrated in Figure 4.5. It is notable that 
these residues are located mainly on a highly solvent-exposed random coil site, and 
none of them are located in the vicinity of the enzyme active site.  
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Most of the residues with divergent RMSF values are different between cathepsin L1 
and L5 – 101 (K for L1 and E for L5), 91 (T for L1 and R for L5), 187 (S for L1 and 
W for L5) and 191 (R for L1 and D for L5). Charge reversal differences occur for 101 
and 191 where it is a positively charged residue in cathepsin L1 and negatively charged 
residue in cathepsin L5. The greater RMSF values of cathepsin L1 at 101 and 191 
suggests a negatively charge residue maintains structural stability at these regions for 
cathepsin L5. 
 
On the other hand, it is noteworthy that residue 187 of cathepsin L1 is more rigid than 
residue 187 of cathepsin L5, although it is a small S in  cathepsin L1 and a bulky W in 
cathepsin L5. It might have been expected that a small S would be more flexible. This 
observation suggests that S might form some H-bonds with its neighbours to cause it to 
be more stable in cathepsin L1 than the W in cathepsin L5, or it may simply be a better 
fit within the topography of the protein’s molecular packing. 
 
Protein phosphorylation is a post-translational modification which is crucial in many 
cellular processes. During protein phosphorylation, an amino acid residue is 
phosphorylated by a protein kinase adding a covalently bound phosphate group (Li et 
al., 2010). In eukaryotic cells, phosphorylation usually takes place on amino acids S, T 
or Y. In Fasciola cathepsin L proteases, the most common post-translational 
modification is related to mannose 6-phosphate phosphorylation, which signals 
transport to the lysosomes (Grams et al., 2001). Hence, different degrees of post-
translational modification would be expected among cathepsin L proteases, and at 
different life stages, as a reflection of the  plasticity of the host-parasite in changing 
host environments. The stability of residues T91 and S187 of cathepsin L1 may be 
involved in protein phosphorylation which leads to secretion, as it is the major protease 
secreted in the latter stages of the parasite’s life cycle, however further investigation is 
required to confirm this suggestion. 
 
In addition, it has been reported that residue 91, located at the mutation hotspot, may 
be involved in interactions with substrates outside the normal binding region (Irving et 
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al., 2003) and so T91R substitution in cathepsin L1 was predicted to have an effect on 
its function (Morphew et al., 2011). In the current study, based on the RMSF values 
T91 at cathepsin L1 is more stable than R91 of cathepsin L5, which also suggests that 
residue 91 may be involved in the functioning of the cathepsin L. 
 
 
 
Figure 4. 4 RMSF values differ between cathepsin L1 and L5. Values obtained by 
comparison of the average RMSF values of cathepsin L1 with cathepsin L5’s. The 
residues (all atoms) with significant fluctuation are indicated. Cathepsin L1 has more 
flexibility at residue 9, 58, 101 and 191 while cathepsin L5 has more flexibility at 
residue 43, 91 and 187. Residue 187, 191 are located at turns, residue 43, 91 are located 
at loop and residue 9, 58, 101 are located at helix of secondary structures of cathepsin 
Ls. 
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Figure 4. 5 The 3D structure of cathepsin L5 used to illustrate the location of the 
residues that exhibit highest fluctuation. The residues of cathepsin L1 that have more 
flexibility than cathepsin L5 are drawn in blue colour, while residues of cathepsin L5 
that have more flexibility than L1 are  drawn in green colour. The remainder of 
cathepsin L5 structure are drawn as NewCartoon in white. Arg91 and Trp187 are unique 
to cathepsin L5. In cathepsin L1, residue 101 and 191 are lysine and arginine 
respectively. The other residues in the highlighted positions are shared between 
cathepsin L1 and L5. The location of the enzyme active site for ligand binding is 
indicated by an arrow. 
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4.3.2.2 Structural and dynamic differences between cathepsin L and its mutants 
To investigate the global structure similarity between the wild-type cathepsin L 
proteases and their mutants, RMSD values of every 10th frame, and every 0.02 ps, from 
the trajectory of the 10 ns MD simulation were extracted. Average RMSD values from 
three replicates of 10 ns simulation were calculated for each protease and  plotted as 
shown in Figure 4.6 for comparison.  
 
The conformation of the wild-type protease and its mutant did not show strikingly 
different behaviour, although the cathepsin L1 mutant  simulation exhibited more 
constant and steady dynamics compared to the wild-type cathepsin L1. This observation 
is consistent with the mutant showing less conformational space sampling in the PC1 
vs PC2 plots. The RMSD’s of the cathepsin L1 mutant were steady after 800 ps and 
maintained a value between 1.20 Å to 1.55 Å, while the RMSD’s of cathepsin L1 
increased in a linear pattern from 0.69 Å at the start to 1.7 Å at the end of the 10 ns 
simulation.  
 
For cathepsin L5 and its mutant, the RMSDs increased in a similar linear pattern until 
they reached their highest values at 1.82 Å and 1.61 Å respectively, near the end of the 
simulation. This observation is consistent with the cathepsin L5 mutant showing a lower 
PC1 vs PC2 conformation space sampling. The RMSD plots of cathepsin L1, L5 and 
their mutants thus suggest a somewhat higher rigidity of the mutants compared to the 
wild type. 
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Figure 4. 6 Average backbone RMSDs over the course of a 10 ns simulation at 300 
K for apo-enzyme. (a) cathepsin L1 (blue line) versus cathepsin L1 A163G (orange 
line), (b) cathepsin L5 (blue line) versus cathepsin L5 G163A (orange line).The 
cathepsin L1 mutant  simulation exhibits  more constant and steady dynamics compared 
to the wild-type cathepsin L1; while for cathepsin L5 and its mutant, the RMSDs 
increased in a similar, steady, montonic linear pattern.  
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Differences in RMSF values between the wild-type cathepsin L and its mutant are 
illustrated in Figure 4.7. There is only one amino acid residue difference at position 163 
between the mutant and its wild-type, where a glycine is replaced by an alanine in 
cathepsin L5 mutant, and an alanine is substituted with a glycine in the cathepsin L1 
mutant. The results show that there are several residues exhibiting different RMSF 
values between the wild-types and mutants, suggesting that these residues in concert 
with residue 163 within the S2 enzyme active site might play a role in the substrate 
preference of the cathepsin L.  
 
Overall, the differences of the residue fluctuations between wild-type cathepsin L 
proteases and their mutants are very small, with values below 2 Å, which means the 
dynamic structural behaviour of the wild-type and mutant structures has no substantial 
difference, although a few peaks were observed in the graph plotting the difference in 
RMSF values between wild-type and mutant as shown in Figure 4.7.  
 
Wild-type cathepsin L1 and its mutant cathepsin L1 A163G have a similar overall 
flexibility, although cathpsin L1 has more flexibility at residues Arg58, Lys101and 
Trp188 while its mutant has more flexibility at residue His115 (Figure 4.7(a)). On the 
other hand, wild-type cathepsin L5 has a greater overall flexibility than its mutant with 
more substantial flexibility observed at residues Arg43, Arg91 and Trp187 as illustrated 
in Figure 4.7 (b). It is noteworthy that all the residues that show differences in RMSF 
values have bulky sidechains (Arg, Lys and Trp) and in both cathepsin L1 and L5, 
mutation at 163 causes their RMSF values to decrease relative to the wild type, although 
none of these residues is located near 163 (Figure 4.8). 
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Figure 4. 7 RMSF differences between cathepsin L mutant and its wild type. (a) 
cathepsin L1 A163G and cathepsin L1. Cathpsin L1 has more flexibility at residues 
Arg58, Lys101and Trp188, while its mutant has more flexibility at residue His115, (b) 
cathepsin L5 G163A and cathepsin L5. Wild type cathepsin L5 has a greater overall 
flexibility than its mutant, with more substantial flexibility observed at residues Arg43, 
Arg91 and Trp187. The residues with significant fluctuation are labelled. 
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Figure 4. 8 Illustration of the location of residues in cathepsin L wild type having 
greater flexibility than mutants using cathepsin L5 structure. Residues showing 
higher RMSF values than the mutant are drawn in blue colour for cathepsin L1, and 
green VDW for cathespin L5. Residue 163 is drawn in red colour. None of these 
residues is located near to 163. 
 
It should also be noted that a change of residue at 163 from glycine to alanine decreased 
the overall structural flexibility of cathepsin L5, while a change of residue from alanine 
to glycine did not change the overall structure flexibility of cathepsin L1. This suggests 
that Gly163 of cathepsin L5 might associate with other residues unique to cathepsin L5 
to maintain the overall flexibility. Similarly, with the absence of other essential residues 
in ensemble with glycine 163 in cathepsin L1, greater flexibility cannot be achieved, 
although a Gly163 is present.  
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4.3.3 Identification of representative conformations of apo-cathepsin L proteases 
Cluster analysis is a statistical method which groups a set of objects in such a way that 
objects in the same group (called a cluster) are more similar to each other than to those 
in other groups (clusters). In the current study, cluster analysis was used to identify all 
the possible representative conformations of wild-type apo-cathepsin L exhibited 
during the course of the simulations. 
 
There are several clustering methods with ‘hierachical’ and  ‘k-means’ based clustering 
being the most commonly used to analyse trajectory data. A study performed to 
compare hierachical and k-means clustering methods on the trajectory data found that 
the k-means method provided very consistent results regardless of the selected 
subspaces (Wolf et al., 2013). The ‘Partitioning around Medoids’ (PAM) clustering 
algorithm was used in the current study (a medoid is defined as a representative object), 
and is a subset of the k-means clustering method which partitions the data into clusters, 
with the goal to minimize the overall dissimilarity between the medoid of each cluster 
and its members. 
 
Performing PC analysis and subsequent clustering of the PC subspaces has several 
advantages compared to clustering the complete data set as discussed by Wolf and 
colleagues (Wolf et al., 2013).  Briefly, PC analysis filters out high frequency variance 
or “noise” from the data, thus leading to better clustering results. Additionally, 
projection of the data points into PC subspace provides a native distance function for 
clustering, which is the Euclidean distance of the points in the PC subspace. On the 
other hand, plotting the resulting clusters into the most dominant PC subspaces is useful 
for visual cluster validation (de Groot et al., 2001). Furthermore, several studies have 
demonstrated that clustering of simulation trajectory data in a low dimensional PC 
subspace identifies approximately the same clusters as found when using full 
dimensions, making this more time and computationally effective (Altis et al., 2008, de 
Groot et al., 2001). 
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Therefore, PC analysis and clustering analysis are applied in the current study to 
identify the representative conformations of the apo-cathepsin L1 and L5 and their 
mutants. Specifically, clustering of the PCs of the trajectories were performed on two-
dimensional subspaces composed of PC1 and 2 and PC1 and 3. Typically, the first two 
or three PCs are analyzed because these PCs often capture a large proportion of the total 
variance (Wolf et al., 2013).   
 
In the initial stage of the data treatment, PCs of the trajectories were partitioned into 
clusters ranging from 1 to 10 and each cluster was represented by a silhouette. The 
average silhouette width indicates how close each point in one cluster is to points in the 
neighbouring clusters with a range of silhouette widths between -1 to 1.  A silhouette 
width range between 0.71 to 1.00 indicates a strong cluster; 0.51 to 0.70 a reasonable 
structure; 0.36-0.52 indicates a weak and/or an artificial structure and any value below 
0.25 indicates no substantial structure has been found.  
 
The optimum number of clusters for each investigated cathepsin L for two-dimension 
and three-dimension subspaces are listed in Table 4.1. All clusters estimated in the 
optimum number of clusters have average silhouette widths of more than 0.6, which 
indicates that the investigated cathepsin L proteases display reasonably different 
conformations during the 30 ns simulation. The graphs showing the optimum number 
of clusters and the average silhouette width can be found in Appendix 4.  
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Table 4. 1 Optimum number of clusters estimated by PAM algorithms for two-
dimensional and three-dimensional subspaces of each cathepsin L. 
Model Optimum number of clusters 
Apo-cathepsin L1 3 (PC1 and PC2) 
2 (PC1 and PC3) 
Apo-cathepsin L1 A163G 3 (PC1 and PC2) 
2 (PC1 and PC3) 
Apo-cathepsin L5 3 (PC1 and PC2) 
3 (PC1 and PC3) 
Apo-cathepsin L5 G163A 3 (PC1 and PC2) 
2 (PC1 and PC3) 
 
 
Clustering results of the projection of the 30 ns trajectory onto the plane formed by the 
first-two principal components and the first and third principal components are plotted 
as shown in Figure 4.9 (wild-types) and Figure 4.10 (mutants). Cluster graphs of PC1 
versus PC2 plotted for mutants are more spread out compared to the wild-types, as 
shown in Figure 4.10, indicating 3 distinct structures were found from the first two 
principal components. The shape of the clusters in the PC1 versus PC3 graph plotted 
for the capthepsin L1 mutant is close to a U shape (Figure 4.10 (b)) similar to what has 
been observed for its wild-type, while the two clusters plotted for the cathepsin L5 
mutant are very close to each other, which means these two structures are quite similar. 
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Figure 4. 9 Clustering results of principal components of trajectories for a 30 ns 
simulation for wild-types of apo-cathepsins. (a)  Two-dimensional subspace clusters 
of cathepsin L1, (b) Three-dimensional subspace clusters of cathepsin L1, (c) Two-
dimensional subspace clusters of cathepsin L5, (d) Three-dimensional subspace clusters 
of cathepsin L5. In total, there were 5 clusters identified for cathepsin L1 and 6 clusters 
for cathespin L5.  
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Figure 4. 10 Clustering results of principal components of trajectories for a 30 ns 
simulation for mutants of apo-cathepsins. (a) Two-dimensional subspace clusters of 
cathepsin L1A163G, (b) Three-dimensional subspace clusters of cathepsin L1 A163G, 
(c) Two-dimensional subspace clusters of cathepsin L5 G163A, (d) Three-dimensional 
subspace clusters of cathepsin L5 G163A. In total, there were 5 clusters identified for 
the mutants of both cathepsin L1 and L5. 
 
 
 
 
1
2
3 4
5
6
7
8
9
10
1112
13
14
15
16
17
18
19
20
21
22
2324
25
267
2829
30
3132
33
3435
36
37
38
39
40
4142
4344
45
46
47
48
49
50
51523
54
56
5758
59
60
61
62
63
64
6
66
67
68
69
70
71
72
73
74
75
76
77
879
808182
838485
86 87
88
8990
91 293
94 9596
97
98
99
100
101102
103
104
105
106
107
108
109
110
1
11 13
1141
116
1 7
8
119
120
1211221 3
12
125
126
1271 8
129
130
131
3
133
134
135
36
137
138
9140
141
414
144
1 5
146147
148
149
150151152
153
154
55
1
157
158
159
60
161
62
63
164
165
166
67
168
1 90
171
172173
1745
176
177
78
179
80
81
18
183
8
185
818788
189
0191
192
93
194
5
96
97
198
9200
012 2
203
204
205206
07
8
209
2 0211
212
2 3214
215
21
217
2
219220
221
222
223
224
25
2
7
28
229
230
23132
2 3
23
35
236
237238239
240241
4
243244
245
246
4
248
249
50 552
25
254
25 56
257
258
259
260
61
2 263
264
65266
67268
69
70
17
7
74
7 76
277
79
280
281
282
283
284285
86
287288
89290291
292293
294
295
2
297
298
299300
30
3
303
305306
307
308
309
0
11
3
313
314
315
316317
3 9
3
32
322
23
324
325
326
327
3 83
3301
332
333
34
335
336
7
38339
0341
342
4
344
4
3
344
349
350
351
52
353
354
355
356
575
35
60
61
36
63
364
365
366
67
68
69
3 0
71
2373
374
375
6
377
78
79
380
8
38
384
85
386
387
388
389390391
392
9
394
395
396
397
398
399
400
40402
403
404
405
406407
408409
41411
41213
14
4 5
16
417
418
419
420
42122423424
425
426
427
42
42
4 01
4
3
34
4353
4 74 8
439
440
44
44444
45
46
44748449
5
452
453
4 4
455
456
4 7
458
59
46461
4624 3 4
465
66
6
68
469
47
471
4 2
4 3
7
76
4 7
478
7
480
81
4 2
483484
56
487488
489490
4 1
92
493
494
495
4967
498
499
0
501
502
503
504505
50507
50
509510
511
512
513
1
5155 617
518
519
520
521
522
52
25
526527
528
529
5 0
53
53
3
3
5 5
5 6
5
5 8
539
5 041
54543
544
546
547
548
5 9
550
551
552
55
5 4
555 6
557558559
560
561 6263
56456
66
567
568
569
70
571572
573
574575
576
577
578
579580
581582583
584
585
586
587
88
589
90591
592
593
594
595
596
597
598
599600601602
603
604
605
606607608
609
610611
612
613
614615
16
617
618
619
620
621
622623
624
625
626
627
628
6 9630631
2
6 3
4
635
636
637
638
6 9
64041
642
643
644
645
646
47648
9
650
651
6 2
653
6 4
655
6 6
65
658659
660
661
662
6
664
656
667668
69
670
6 1
72
673674
67
67
7
678
679680
681
682
83
684
85
8
687
8
89
691
92
693
694
69
96
97
698 699
700
701
702
704
70
7 6
707
70
09
10
711712
713
7 4715
716
7 7
718
719
7 0
721
722723
7247 5
7 672
728
72
730
731
732
733
34
735
736
737
738
39740
41
742
743
7 4
745746
74
748
74750
751
52
753
754
55
6
757
7 8759 760
7 1
762
763
764
7 5
7
76
768
769
770
7 1
772773
774
7
6
777
8
7 9
780781
7827 3
784
8
86
78788
789
790
79
792
793
7 4
7 5
79
797798
799
800
801
8080
804
05808
8089
810
8 18
813
8 1
8 6
81818
8820
821
822
823
824
2582827
8 8
82
830
831
832
833
8 483
836
83
8 8
839
8 0
841
848438448 5
8468 7
48
849
508 1
8
8
8 4
55
856
8 7
58
59
860
8 1
86
863
6465866
6
8
8
870
8 1
87
8 3
8
76
8 7878
879
88
88
388
6
8 7
88
88890
891
9
89
8
958967898
99
0
9 1
90
9090
905
906
0
9 8
9
91091
913
919 91
9
91
919920
929 2
923
92 9
9
927
2
929
930931
2
33
9 4
93
93
7
93 93
4
941
942
4 44
9
9 69 7
948
9
9559
9
9559
95
958
959
960
6962
6964965
6
967 969
970
971
972973
74
97
76
97
7
9
98
1
982
983
8
9 5
9 8
9
9
9199294
9
9 79 1000
100
1002
10 31004
1006
1007
1001 9
1010
101
10 2
1013
10 4
101
1
1 17
1018
101
10201021
1022
1023
102410 51026
102
8
1029
1030
103
103210
10 410 5
3
1037
10 8
1039
104104
2
10
10446
04
048
9
105
5
1052
1053
10
1 55
51 5
58
10 9
1060
106
1062
106
64106
1066
106
681069
70 1
1071 73
74
1070 6
77
7107
1080
10811082
10
1084
10 5
68
8
08
10
10 1
10921093
1094
109
1096 1097
10 8
9
1 001
1102
03
1 51 61107
108
1109
1 1
12
11 3
1 4
11
1116
11111
1120
2
122
1123
4
1 25
1126
11271128
1129130
1131
1132
1133
13
1 35
6
1137
1138
1139
1 01 41
11421143
1144
1145
1146
1147
1148
11 0
1 51
1521541 5
1 56115
158
59
160
1 61
11 2
6364
1 65
1 6
116
116
169
1 70
1711 2
1173
1 7475
7
1
179
8
184
85
86
8
8
1 9
90
1
2
1 93
1 4
95
96
1 9 99
1200
2
02
1203
04
205
1206120712081209
1210
12 1
212 3
2 412 5
12 6
7
2 8
1219220
1221
1222
1223
224
1225
2261227
12 8
29
1230
231
1232
2 3
4
35
36237
2 8
124 4
1 42
24
241245
246
247
24
50
25
1253
1254
55
12561257
5
25
26
126
1 6
1263
1264
26
66
6
2
1 69
7127
2 2
1273
412 56
12 7
2781 7
0818
1283
1284
12 5
1286
28 8
89 1290
29 2921 3
1294
296
1297
2 8
299
301
1302
1303
1 04
1305
1306
13 7
3130
1310
311 13
1 313141315
16
131
181 19
13 0
321
22
1 3
1324
1325
326
27
1 2813291330
1331
1 32
1333133
13 51 36
37
38133913 04
1
1 5
34
4
349
1 50
13 1
3 2
53
1135
56
3 8
1 5
0
36
36
363
13613
3
3
1369
370
13712
13 3
4
7377
378
1 791 8
811382
138341 5
8
1387
3 8
13 9
1 90
1
3 3
139439
97
1398399
400
14011402
03
404
405
404 7
1408
409
410
14 12
4
1414415
4
4 7
4
4 9
20
4
1422
4 3
1424
1425
426
4 7428 9
1430
1431
1432
1433
434
1435
36
1437
1438
39
4 0
14 1
1442
144
1 44
14 5
446
1 47
1448
9
0
451
45
5
54
1455
14 6
4571458145
14
1146246
146
1465
4
467
468
14 9
4 0
471
72
1473
7
7576
477
1478
1479
1 80
1
8
14 4
485
1486
4
14 8
49
91
492
1493
149
495
1 96
49
498
1 99
1500
5 15 2
5 3
1 0505
1 06
150 8
1509
151 1511
512
51315 4 5
1516
7
1 181519
1 211 221523
5 4
5
65
5 5 9
530
53
532
1533
53
53
5
537
15381539
15
15 54
1543
1544
1545
1546
5 71548
5
550
551
1552
553
15 4
1 5
1556
557
5 8
560
1561
2
1 6
564
1 656
67
68
1569
5 115725 31574
1 1 76577
5 8
7
58
583
584
5 5
5 6
15 7
5881 9159
1 91
9
59
1595
59
97
59 599
160001
16
6 3
6 4
1
1 06
1607
6
609
16 0
6 1
16
16 3
616 5
1
6 7
8
619
20
1 2
3
6 4
25
1626
6
6
29
30
31 3
1 36341 35
1636637
16 8
9
1640
1
42
4
64
1645
1
7
6
5
1 1
6 3654
66 6
1657
16 81659
66
1
66
166
16 4
66
1666667
1668
1669
167067
16731671 75
1676
1677
1678
1679
1680
168
168
68316841685
1686
1687
8689
1690
691
1692693
1694
1695
961691698
16 9
7 0701
1702
1 03
704
1 05
701707
1708
70
7 07
1712
1 131 147
1 16
1717
1718
17 9
17 0 2172217 372526
72
1728
729
73
1 3 73
33
1 34
735
7 673
38
1739
4
1 1
7
4
1744
5
1 46
1 7
7 89
17 0
51
1752
17535
17
7567 7
1 8
60
76
176
1 67 4
1 5
7767767 770
77
72
7
75776
77
78 9
7 0
781
7 283
1 84
78
8
88
7 9
909
97 3
17
95
79
7
9
99
00
801
1802
1803
1804
1805
1806
1807
1808
18091810
1811
1812
18131814
1815
18161817
1818
1819
1820
1821
1822
1823
18241825
1826
7
1828
29
1830
183
18 2
33
1834
1835
1836
1837
18381839
1840
1841
42
1843
1844
1845
1846
18471848
9
1850
1851
1852
1853
1854
5
1856
57
18581859
860
186
1862
631864
865
1866
1867
68
691870
187
187273
1874
18751876
187781879
1880
188
18 2
18 3
18
1885
1886
18 7
1888
18891890
189
18921893
1894
1895
1896
1897
8
99
1 00
1901
1902
1903
904
19051906
1907
1908
1909
910
1911
19 2913 9141915
916917
19919
920
1
1922
92
1924
92519261927928
92
1 30
193193219
93
935
36
1937
1938
1939
940
1941
942
1943
1944
5946
947
1948
1949
1 50
1951
1951953
195
1 55
195619571958
195
1960
6
1962
1963 964
1965
1966
1967
196
196
1970
197
1972
973
1974
975
76
977
1 78
1 79
19 01 8
1 8
19831 84
19851986
198719889
990
991
1992
19 3 994
1995
1996
97
9199
2000
200
200220032004
20052006
007
200820 9
0 0
20 120 2
2 3
2014
2020 62017
2018
20
2020
202120
202
20 4
2025
2 26
2
20 8
20
3 2 3
2032
03
203
2203
2 37
2 382039
2040
204
042
4
0442045
2046
47
204
2049
2050
20 1
2052
3
2054
205
205
057
205
059
20 0
2061
2
2 6
20 4
206
0 6
2067
2 6
2069
2070
20 1
2072
2 73
07
2075
20
2077
207
2079
20
208
82320 4
2085
0 6
2 8
88
20
2090
2091
2092
2 934
2095
2 9620972098
9
2
1 1321045
210607
21 92110
2112 12113
1 4
115
2 16
2 1721 8
2 19
2 2
1 1
2 22
2 23
2125
212621 72 2
21292130
21312 3
2133
2 34
21
2 36
37
13
3
4
214
4
2 43
21442145
46
2 47
48
49
2150
2151
2 52
2153
2154
55 56
2 57
58
215
2 60
21
2162
163
2 64
21 5
21662 67
66
2170
2 721721 374
2 5
1
7
1
9
218218
2 8
2 83
2 84
2185
2 6
2187
2 81 9
2190
2191
2 9
2 421 52 7
2199
2200
2201
220
2 03
2 4
2205
6
2 07
2208
2 09
2210
2 1
2
3
2 4
56
7
2 8
2 1
2220
2221
222
2223 4
22 5
2 26
2 7
22
222
230
31
3
3
34
2235
2236
2 7
2 38
3
2240
2 42
24344
45
46247
2 4
2
0251
52
2253
4
2 55
2256
2572 58
2259
6
26
2 6
263
6
5
2 66
2672268
6
7
2271
2
732 74
76
7
7
2 80
2822832 84
2285
86
2287
2 8
8
90
2291
2 3 45
67
98
9
23 0
23
3
303
2304
230
2 06
7
3 8
23
310
311
2
313
315
3 6
2 7
318
3
321
32
232
3
2
23 6
23272328
3 9
3
3233
333
2334
335
2 3
3373 8
333 04
3 2
3
2 44
34
346
347
8
34
3 0
5
3 2
5354
3 5
2356
35
3 8
59
366
2 62
3 3
364
3 5
66
67
39
3737
372
77375
2376
37378
2379
3 0
838
383
2384 386
387
88
2389
2390
2391
239
3
3 5 9
2397
9
2 924 0
2401
4 240
404
2405
4 6240
2408
4 9
2410241
4
2413
2414
2415
24 6
2417
2418
2419
2420
24 1242
4
2424
5
6
7
24
2429
4302431
4
4
4
35243624 7
382439
2440
2441
2442
2443 2444
5 446
244724 849502451
24532 54
55
2456
2457
4582459
2460
46
2462
2463
2464
4
2466
467
6
9
7
717
7
2 74
2475
6
774782479
2480
2481
2482
2483
84
85
4 4 7
8
4892499
4 2
2493
24942495
2496
97
2498
2499500
2501
502
50304
2505502507
2508
2509
25102511251
2513
4
5
2516
517
2 18
51
521
23
524
25255 62 2
5
529
530
531
532
2533
5342535
36
53
2538
2540
2542542
54254
5
6
47
48
45525553
5 4
555556
5 7
55
59
60
561
562
563
456
256
56
25 8
6
570
57
2572257
574 2 756
577
578
79
5
8
8
258
58485
86
587
5
2589
5
92
2593
92
2596
7
259
9
600
6 2
6 304
6 5
2 066 7
2 0 9
661
6 23 4
6
6 6
6
2618
2620
6 1
2
623
45
2626627
6
2629
2630
6 1
6
632634
5
26 6
6 7
638
2639
2640
264126422643
26442645
646
7
26449
26502651
2652
2653
2654
2655
2656
2657
26582659
26602661
662
266
6626
2666
67
2668
2669
67
2671 67226736 4675
267
2677
267
2679
680
2681
82
836885
8687
268926 0
692
2693
694
2695
2696
69
269826900
70
270270
2704
27 57062707
79
2710
2711
713
714
15
7
71
8
2719
2727 127 3
7
7
27 6
7
7 8
729
732 3
27
2733
7 4
2735
736
73
27382739 740
4
2742 42744
74
74
747
2748
7450
75152753
427 5
2756
5
8
27592760
7 1
63
7676
2766
767
8
27 9
2770
771
77
7 3
2 7
277
77
8
7
27802781
278
83
7 42785
2786
2787
2 88
2789790 1
279
2799
2795
9
2797
2 98
2799
80
1
80
803
0
2802806
2807
28082809
281
81
8
81
8148 5
2816
28 7
8 88 9
28 08
2823
28 4
2826
2827828
2829
2830
31
2832
2833
28342835
83683
83
8 9
4041
848
844
2845
284
28
49
2 5
851
85
2 5854
85
2 5
8 728588 9
28 0
8 182 3
8
6
8
2
8 8
8 9
28
7
8
2 73
874
287
2876
87
28 8
879
0
881
88
3
2884
86
887
88 9
0
2 91
2
9
8 4
8 5
98
2900
2901
9 2
9
2904
90
69 7
29
910911
2912
913
2914
2915
2916291791
2919
0
29 1
2922
9 3
9 4
2926
29
9 8
29 9
9 0
9
932
933
9
2935
93
29 8
93
9
9 1
94
9 344
2 6
9 7948
949
95
2 5
549
6
95
5
2960
96 3
9 4
965
2966
67
2968
9
9 0
2971
2972
2973
2974
2975
2976
977
2978
29792980981
9 2
983
2984
98
98
989 8
2989
2990
91
2999
2994
99
9 6
997 8
9
3000
30
300
3003
30
00
0 6
30 7
30 8
3009
1
0
03 1
0 5
3016
0 7
3 8
3030
30 2
30 30
3 5
302
3027
3 8
30 9
303
30330 3
3034
35
6
3 7
30
3
0
4
304
0 4
30454304
30 8
3030 1
305
3053
30305
305
30 8
59306306
6
30
6
065
6
0
0 0
3 7
30
3 7
74
3
07
3 8
03080 3
4
3 830
308
3
0
3090
91
309
93
9430959
309
31031 1
31
310
3105
3 06
31
31 8
3109311
3112
3113
3114
15
11311
31
19
31
3 21
3
31 431
31 6
3 23 2
31 9
31 03
1331 4
5
6
31
31
39
3
3141
1
14
314
1
4
3 81
31 0
3 5
52
31
5
1 5
3156
15
1 8
3159
16
31 6636
5
3 63 67
6 6
7317 1 3
77
7
3178
317
3180
1813
18
318
31 7
3188
3189
90
191
319
319
3194
3196
731 8
31
3200
3 032
3 04
0
07
09
3 103 4
3 5
3 16
2
19
3
1
3 23
25
27
3 8
29
0
3 3
3
43
3236
3237
32 8
3 3
3 4
1
3242
3 33244
32 5
6
7
3248
3 49
5
3 5
5
3 5
54
32553256
3257
3258
3259
3260
326
3262
3263
3264
3265
3266
2673268
6
3270
3271
72
327
3274
5
3276
2773 783 03 81
8
3 833 843 85
862 7
3 88
289
32903291
9 3293
9
329532963297
3298
3299
33003 1
3 02
3 0
3 04
33030
3
3308
3309
3 10331
13
431
6
3 17
3 8
3 1
0
321
3
2
3243
33 6 7328
3329
3
3 1
33323
5
36
3 373338
3339
4
3 13342
4
334
3
7
8
3 3 01
5
5
3354
5
3356
57
53 60
613362
6
3364
65
3 66
3 67
3 68 7
72
37 37
3 7 78
7
3
3 81
338
84
3 85
3386
7
33883389
3390
3392
3393
3 94
3395
3396
33973398
93400 01
4
40405
406
408
34093410
3411
412
1
4
415
3416
417
3 1
9
3420
3421
22
3423
2627
8
429
4 0
344
4 4
43
34
4 9
43 1
4
4 4
3445
344
47
4 8
4
4 0
45
345
43456
3
3 58
9
460
3461
3462
446
5
67
3 68
470
3471
72
347
4
5
7
34774 8
4 9
48
3 81
4828
4
485
86
48
49
349
3 9
3
4
4
497
3499
33 0
504
35 5
5 6
50
5 090
1
5
13
4
515
8
35 0
1
5
5
6
35 7 28
5295 0
5
35
537
5 83554
5
5
45
5
354
4
35 9
5
5
5
35 5
35
5
3
3 5
6
6
56
56
56
65
6
8
69
7
35743575 6
5
5358
3 8
8
5 4
58
5 73588
58
3590
1
5
5994
3595
9
5 7
9
9
0
3602
3603
36043605
36063607
3608
3609
3610
36113612
3613
36143615
3616
3617
3618
36193620
36213622
3623
3624
362536263627
3628
3629
3630
36313632
36
36 4
36353636
3637
36 8
363936403641
3642
3643
3644
3645
36463647
3648
3649
3650
3651
3652
365
3654
3655
3656
3657
3658
3659
3660
36613662
3663
366436653666
3667
3668
3669
670
3671
36723673
367436753676
3677
3678
79
3680
3681
3682
368336843685
3686
36878
368990
3691
36923
3694
95
3696
3697
36983699
370037 1
3702
70
7 4705
3706
3 07
3708
3709
3710
711
7123713
7 4
3715
3716
717
3718
9
3 203721
3722
3 23
3724
3725
3726
727
7283729
3730
3731
3732
3733
37343735
3736
3737 8
3739
740
3741
42
374
4
45
37 6
3747
3748
37 9
3750375
375253
754
3755
3756
3757
3758
3759
60
7613762
376
3764
637 6
6
7 8
9
703771
3772
3774
37 5
3776
77
7 8
7 9
8
81782
378
3784
37853786
37878
3789
3 90
3791
3792
3 9337 43795
3796
3797
98
3799
3800
3801
3802803
04
805
8 6
0
380
3809
8
3811
812
3813 814
3 15816381
3818
3 19
820821
3822
3823
8 43825
3826
38273828
38293830
83138338 3
348
8
3837
3838
8393840
841
38423843
3844
38453846
84
848
3849
38 0
3851
3 52
3853
38 4
8558 6
3857
583859
60
3861
38623863
38643865
3866
8 738 8
698 0
38713872
3873
3874
538763877
3878
3879
38803881
3882
3883
3884
8538863887
888
3889
9
9
892
389
3 9438953896
3897
89
3899
900
3901
902
9033904
39053906
03908
09
910
911
3912
3913
9 4
3915
39167
3918391
3920
21
3922
9239242
3926
3927
8
3929
3930
3931
39 2
393 3934
39 5
6
39 739
39 9
40
39413942 39 33944
945
46
3947394
3949
3950
3951
52395
3 54
9 5
5
3957 958
3 5939603961
9 2
3963
3964
3965
966
3967
3968
969
397
3971
9 2
3974
3975
976
3977
3 8
979
398039812
8
84
3985
3986
3 7
9 8
9 0
1
992
99
9
3995
996
99
9 8
9 9
4000
400
40 24003
4004
40050064007
4008
4 09
4010
401140 2
4013
4014
40 5
4016
017
4018
019
4020
4021
4022
402
4024
25
4026
4024 28
4029
40 0
4 31
40 2
40
4 4
40 5
40340 7
38
40 94040
40 1
4
40440 4
4045
4046
4 7
4048
404
0 0
4
40524053
4054
4055
4056
4057
0
405
4060
40614062
4063
4064
4065
406
7
4068
40694070
4071
4072
4073
4074
4075
40 6
07
407
407980
4081
4082
4083
8 4085
4086
4087
88
4089
4090
4091
40 24 9
40 4
95
4096
4097
4098
4099
4100
4101
02410341044105
4106
107
4108
4109
41 0
4111
4112
411
41144115
4116
4117
4118
11
4120
41 1
4122
4123
4 24
4125
4 26
4127
1
41 9
041 14132
13 4 34
4 541364137
4138
41 9
40
141
41424143
414
145
4146
4147
4
41 94150
4151
4152
4 53
15
4155
56
4 57
41584159
4160
4161
41 2
63
4164
4165
41
167
4168
41
70
171
72
4173
17
4175
176
4177
78
4179
41801
4182
4 83
4184
85
186
1 74188
1 9
91
1
41 3
4194
4 95 96
974198
4199
200
4201
42024 342 44205
2 6
4207
4208
2 942 0
21
4212
13
4 14
42 516
4217
4218
42
4220
422
4222234 24
4225
4226
4227
228
229
42304231
4232
4233
4
4235
236
237
4238
239
4240241
43
4
24
42 6
247
4248
49
42504251
4252
253
254255
4256
4257
58
4259
260
2
4262
4263
26465
266426
68
6
42 02 1
72
73
274275
4 6
7778
4 79
4280
4 81
28
4 3
428
285
2 6287
84289
290
914292
4293
4294
2954 9
297
298
4299
4300301
43
303
4304
305
4306
0
08430431031
3
13
43 4
315
316
43 7
3 8
319
3 04321
3 2
3 3
432
4 26
43 7
3
4329
3
433
4332
4333
4334
4335
4333 7
8
4 39
4340
4 41
3 243433 6
8
49
350
35
4352
35354
4 55
56
4357
4358
43594360
4361
362
4363
4364
65
6
4
436
9
4370
4 71
2
7
3
75
7
4377
4378
74 80
4381
4 82
383
8
4 85 386
387
8
389
3939
439
4 93
394
4395
7
4
439900
1
444404
4 05
44064407
44084409
10
4411
4412
4413
44144 154416
7
4418
4419
44204421
22
442342
4 25
6
427
4 28
4294430
4314432
4 34 3
4 35
4436
437
4438
39
4440
4442
4443
444
445
44464447
4448449
4450
445145253
4 5
4455
4 56
4457458
4459
4460
4 61
462
4463
4464
65
66467
6
4 69
4470
4471
4 724473
4 74
4475
4 76
7778
9
4480
4481
82
483
4484
4485
4 86
88
9
90
44914492
93
4 9
44954 96
4 97
98
4 99
450045 1
45 2503
4504
505
45068
09
51 11451
4513451
4515
4516
4 17
4518
519
520
4521
522
52
4524525
4 26
4527
4528
29
4 30
531532
4533
534535
45 6 554539
5 0
5 1
54454
45454546
45 7
5 8
549
4550
51
5
3
4554
555556557
8
4559
560
6
562
56345644565
4566
4567
4568
4569
4570
571 2
573
574
7
76
777 79
580
1
4 82
83
458445 5
865 74588
5899
4 91
4 92
4 93
594
95
96
5 7
98
5990
60
602
03
6
460
4606
607
4608
46096 61
612
46134614
615
1
617
6 8
619
4626214622
462
626 56
4627
4628
4629
6 0
63
632
4633
63 35
36637
38
4639
64014642
46
4645
46
6 7
6 8
49
6566 3
6
465546 6
4657658
94 60
661466
63
66
65
66
6 7
686 9
670
71
4672
3
67
7
467
467778
7
68
4681
2
868
5
4686
87
4688
4689
46904691
4692
4693
4694469
469646974698
4699
700
701702
03
4704
7 5
47064707
47084709 71
4711
4 1
7 3
7
7 5
71
71
7
4719
7
472
722
4723
4724
4725726
727
29
473 7312473
473
736
4737
3
4739
47 1
47 4
7
7
46
74748
775
475
52
7 3
47
7 556
577 87 9
4760
7 1
6
6 7 547 78
69
70
7
772
47 77
75
77
8
79
1
8
838
785
7 6
478
7 8
890
479792
37946
7
79
99
800
01
803
80
8 5
807808
480810
4 11
4812
4813
8 4
81
48
4817
4819
8 1
482
823
482
82
4826
4 2
82883
831
832
4833
8 5
6
83
8 8
4839
8
8 1
4842
48434844
48 5
846
8
484
850
851
4852485
8 5
8
48
4858
8 9860
61
62
48638 4
8
8668 7
8
48 9
70
1
87
873
74
5
48 6
877
78
879 0
8 18 2
8 3
488
88
48 6
789
8 019
4893
9
59
9
8
4 9
4900
90
90
9
9 4905
6
90
4 0
4909
491
911
4912
4 1
4914
5
1917
491
4920
4921
922
49 3
9292549
927928
9
9
3
93
33
4
493593
4 37
3
93
940
9 2
9 3
9
9 6
9
4 9
50
95
9 2
953
9
9
9
9
4 8
9
60
6
4962
639 4
65669
96
9 0
4971
7
4 3
74
9 976
9
9
979
819 2
8
85
6
9
4 88
4 89
99
9 2
9
994
995
4996
97
9
000
500
003
500
50
5 06
50 7
0
5009
01
0 1
01 13
01
0
17
18
502
0
5
023
50 4
2
6
502
029
0
5 31
5
5 3
50 5
50
03
03
503
0
1
0 250
50 5
0
49
50
50 1
5052
50 3
50
50 5
505
57
5058
505
5060
506
5062
50 3
0
5067
8
506
5070
5071
5072
5073
5074
50 6
50
50
50750805081
5082
5083
508
5085
5086
5087
5088
5089
5090
91
5092
0
94
5095
5096
50 75 98
995100101
5 02
5103
5104
0
510651
5108
51
5110
5111
5112
5113
1
551
51175118
5119
512
5121251
1
125 26
51275128
5129513
5131
5132
5133
5134
5513 37
513
513
514
1 1
1 3
1
51 7
51
5151 51515
5153
5154
5155
51 6
51
51 8
159
5160
51
63
5165165
5151
5168
516
0
55 725173
5175
517
517
7
75180
1 1
51825 3
8
5185
8
1
51 8
518
9 29 9
1 5
1
51
9
5200
52052025203
0405206
5 7
5208
5209
52 0
5 11
5212
13
5252
1
1
218
5219
2
52 1
5222
52 5
2 6
2
2 9
5 0
52 1
5232
33234
523
5237
3
52 9
52 052
5 3
2 2 4
5
2
25
2 3
525
5
52 8
2
6
5 6
262
526
7
5 68
2 9
270
27
4 7
27
75 8
27
28
5281
282
4
5
2 6
87
289
5
52
5
529
5 5
2 6
5 9
52
53 13
5 033 4
30
07
5 0
0
5
53
53
3131316
175318
5319
3 0
3 1
53
324
8
3295 30
3 1
5332
3
33
335
3
53
5 9
5 1
4
53
5 5
5 7
5
53
0
5 1
5
3
5
53 55 56
5355 5853
36
36
36
63
536
536
53665367
5368
5369
5370
537
5372
5373537
537
5375378
53795380
5381
5382
5383
53845385
5386
5387
5388
390
539192
93
5394
5395
5396
5397
5398
5 9
5 00540
-2
0
2
-1 0 1
PC1
P
C
3
cluster
a
a
1
2
Cluster plot
a 
c 
b 
d 
154 
 
Cluster analysis for two-dimensional  subspaces composed of either PC1 vs 2 or PC1 
vs 3 result in different numbers of clusters and hence different medoids. To ensure all 
the possible conformations exhibited by cathepsin L’s are included, the representative 
conformations identified by both subspaces are elucidated. 
 
To visualise the representative conformations of apo-cathepsin L1 and L5, the time 
frame of the medoid for each cluster was determined. Then, the structure of the medoids 
was extracted from the trajectories, and the representative structures of each cathepsin 
L protease studied. The details of the medoid for each cluster are listed in Table 4.2. 
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Table 4. 2 Profile of the medoids determined from clustering analysis. 
Cathepsins Cluster Trajectory Time (ns) PC1 PC2/PC3 
L1 PC1PC2 Cluster 1 3 5.778 -0.86707 0.54398 
 Cluster 2 1 8.54 -0.57200 -0.88724 
 Cluster 3 2 3.919 1.43445 0.19717 
L1 A163G 
PC1PC2 
Cluster 1 1 6.340 -0.48932 0.62770 
 Cluster 2 2 5.146 0.91862 0.05807 
 Cluster 3 3 9.193 -0.39160 -0.75856 
L1 PC1PC3 Cluster 1 1 5.69 -0.71391 0.02284 
 Cluster 2 2 6.744 1.48617 0.01453 
L1 A163G 
PC1PC3 
Cluster 1 1 7.315 -0.44578 0.01219 
 Cluster 2 2 4.094 0.91592 0.05554 
L5 PC1PC2 Cluster 1 1 2.963 0.43780 -0.76038 
 Cluster 2 3 7.876 0.36222 0.45820 
 Cluster 3 2 2.579 -0.76670 -0.15624 
L5 G163A 
PC1PC2 
Cluster 1 1 4.620 0.35268 0.59250 
 Cluster 2 2 5.633 -0.86536 -0.06292 
 Cluster 3 3 1.854 0.51295 -0.50198 
L5-PC1PC3 Cluster 1 3 2.078 0.41886 -0.48882 
 Cluster 2 1 5.765 0.34179 0.69765 
 Cluster 3 2 4.919 -0.77734 -0.10516 
L5 G163A 
PC1PC3 
Cluster 1 1 9.967 -0.40263 0.02544 
 Cluster 2 3 8.060 0.74630 -0.10965 
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To investigate the arrangement of the amino acid sidechains at the active site in different 
representative structures of cathepsin L1 and L5, the amino acid residues that are 
located in the vicinity of the active site, including several that have been reported to be 
involved in defining the substrate preference, such as  25 (L1 Cys25, L5 Cys25), 63 (L1 
Asn63, L5 Tyr63), 69 (L1 Leu69, L5 Leu69), 157 (L1 Pro157, L5 Pro157), 158 (L1 
Leu158, L5 Asp158), 160 (L1 Val160, L5 Leu160), 161 (L1 Asn161, L5 Asn161), 162 
(L1 His162, L5 His162), 163 (L1 Ala163, L5 Gly163), 209 (L1 Leu209, L5 Leu209) 
(Robinson et al., 2011a, Smooker et al., 2000, Stack et al., 2008, Norbury et al., 2012) 
are the focus in this current study, and visualised using VMD software. There are some 
inconsistencies in the residue numbering used among publications, so the residue 
numbering from the studies of Norbury and Smooker has been adopted for the current 
analysis. 
 
The coordinates of the protein C-α’s have been used for the PC and clustering analysis, 
and thus, the representative conformations obtained are the dominant ones derived from 
the global C-α’s of the cathepsin L, excluding the local motion of the sidechain. 
However, comparison of the different representative conformations obtained have 
shown that amino acids at the active site exhibit different degrees of sidechain 
rearrangements.  
 
The residues that showed the most side chain rearrangement in cathepsin L1 throughout 
the 30 ns simulation were 63, 158 and 161, while it was residue 158, 160 and 161 in 
cathepsin L5. Unique side-chain arrangements of residues 158 and 161, which are 
located at the entrance of the active site pocket, are of particular interest because they 
may be used to explain the different substrate preferences of cathepsin L1 and L5. It is 
noted that residue 158 is composed of a different amino acid in cathepsin L1 and L5 
i.e., L158 (cathepsin L1) and D158 (cathepsin L5) while it is asparagine at residue 161 
in both cathepsin L1 & L5. To compare the different conformational arrangements of 
the asparagine side chain of residue 161, all representative structures of cathepsin L1 
and L5 were superimposed, and the image of asparagine at the identical coordinate were 
recorded, as illustrated in Figure 4.11. It is noteworthy that the sidechain conformations 
of N161 are significantly more diverse in cathepsin L5, than L1.  
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Figure 4. 11 Side-chain conformational arrangements of N161 (asparagine) in 
representative structures of cathepsins L1 and L5. (a) cathepsin L1 and (b) cathepsin 
L5. The structures are taken from cluster 1 of PC1 vs PC3 plot, cluster 2 of PC1 vs PC2 
plot, cluster 3 of PC1 vs PC2 plot, cluster 2 of PC1 vs PC3 plot and cluster 1 of PC1 vs 
PC2 plot (left to right in (a)), while in (b) it was from cluster 2 of PC1 vs PC3 plot, 
cluster 3 of PC1 vs PC3 plot, cluster 1 of PC1 vs PC 3 plot, cluster 1 of PC1 vs PC2 
plot, cluster 3 of PC1 vs PC2 plot and cluster 2 of PC1 vs PC2 plot. Clearly, the 
sidechain arrangements of N161 are significantly more diverse and unique in cathepsin 
L5 (b) compared to L1 (a).  
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To probe the influence of residue 163 on the conformation of the enzyme active site 
pocket, the arrangement of the important residues in the vicinity (as mentioned in the 
previous paragraph) were examined and compared between wild-type and mutant. As 
residue 163 is the only difference between wild-type and mutant cathepsin L, the 
diversity of active site pocket structures between wild-type and mutant is assumed to 
be attributable to residue 163. The residues of the cathepsin L1 mutant that showed 
most rearrangements are 157, 158 and 160, while it was 63, 158 and 161 in cathepsin 
L1. Therefore, the change of residue 163 from alanine (L1) to glycine (L5) has reduced 
the flexibility of residue 63 and 161, while it has increased the flexibility of residues 
157 and 160. 
 
For cathepsin L5, the residues of interest that displayed the most side-chain 
rearrangements during a 30 ns simulation are 158, 160 and 161 which is similar to its 
mutant’s. These results imply that a change from alanine (L1) to glycine (L5) did not 
impose significant impacts on the active site conformation and its dynamics. 
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4.4 CONCLUSION 
From the average-RMSD studies, all investigated cathepsin L proteases displayed 
stable and steadily increasing dynamics during simulation. However, for both L1 and 
L5, their respective A163G and G163A mutants both showed marginally reduced 
RMSD values compared to the wild type, suggesting that mutation causes a slight 
increase in structural rigidity. This is consistent with the reduced area of conformational 
sampling space on the PC1 vs PC2 surfaces for the mutants. 
 
From average-RMSF studies, cathepsin L1 has more flexibility at residues 9, 58, 101 
and 191, while cathepsin L5 has more flexibility at residues 43, 91 and 187.  On the 
other hand, an alteration of alanine to glycine at residue 163 in cathepsin L1 increased 
the flexibility of residue 115 while it decreased the flexibility of residues 58, 101 and 
188. An alteration of glycine to alanine at residue 163 of cathepsin L5 decreased the 
overall flexibility with significant decreases at residues 43, 91 and 187. 
 
From a cluster analysis focusing on residues 25, 63, 69, 157, 158, 160, 161, 162, 163 
&209 which are located in the vicinity of the enzyme active site, it was found that 
residue 63 of cathepsin L1 has more side-chain conformations than 63 in cathepsin L5, 
while residue 160 of cathepsin L5 has more side-chain conformations than 160 in 
cathepsin L1. In addition, residues 158 and 161 in both cathepsin L1 and L5 exhibited 
several conformational versions of the side-chain arrangement. (Residue 161 of both 
cathepsin L1 and L5 is an asparagine). Elucidation of the N161 side-chain arrangement 
from the representative structure revealed that cathepsin L5 has very diverse and unique 
conformational arrangements compared to cathepsin L1. 
 
The residue at position N161 was predicted to be associated with G163 to confer the P2 
Asp preference of cathepsin L5 (Norbury et al., 2012). In Chapter 3, it was shown that 
cathepsin L5 digested HDM (containing a P2 Asp) better than cathepsin L1, and both 
the L1 mutant (A163 to G163) and the L5 mutant (G163 to A163), with an N161 in all 
of them. Furthermore, both mutants have lower HDM digestion efficiencies than their 
wild type, which indicates that G163 is crucial for the P2 Asp preference in cathepsin 
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L5, but it is not the only determinant. The influence of residue 161 could not be 
evaluated as a mutation at this position was not created. Hence, the unique and diverse 
side chain versions of N161 in cathepsin L5, discovered in the current study, implies 
that certain sidechain conformational arrangements of N161 are required for its P2 Asp 
preference. 
 
Based on the observations of representative structures derived from cluster analysis of 
the sidechain arrangements of the active site residues from different clusters , the 
change of residue 163 from alanine to glycine (for L1) has reduced the flexibility of 
residues 63 and 161, while it has increased the flexibility of residues 157 and 160. . In 
contrast, a change from glycine to alanine (for L5) did not impose significant impacts 
on the active site conformation or its dynamics.  
 
In conclusion, analysis and comparison of MD simulation data between apo-cathepsin 
L1 and L5 and between wild-type and mutant revealed structural and dynamic 
differences among them. To understand the interaction between cathepsin L proteases 
and P2 Asp, a MD simulation of cathepsin L complexed with a ligand containing a P2 
Asp needs to be undertaken, and this study is presented in Chapter 5. 
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Chapter 5     
Interaction of cathepsin L proteases with the peptide ligand 
RDR 
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5.1 INTRODUCTION 
In an enzyme catalytic cycle, conformational changes are a common part of the process 
(Kokkinidis et al., 2012). For instance, loop or domain closures can contribute to the 
isolation of the active site from solvent, and in so doing, alter the chemical environment 
around substrates, or trigger the catalytic event by bringing essential partners together 
(Karplus, 2010, Stevens et al., 1990). In addition, although catalysis often relies on 
small groups of residues found within the active site of the enzyme (Bartlett et al., 2002), 
non-active site residues may be involved in substrate preference, proper orientation of 
the substrate, and enzyme catalytic efficiency (Shimotohno et al., 2001, Wilderman et 
al., 2012).  
 
Analysis of the apo-enzyme in chapter 4 using RMSF showed that residues E9, R58, 
K101 and R191 of cathepsin L1 fluctuated more than cathepsin L5 during simulation, 
while residues R43, R91 and W187 of cathepsin L5 fluctuated more than cathepsin L1 
during simulation. None of these residues are located in the vicinity of the enzyme 
active site. Hence, it is intriguing to consider, and worthwhile examining, the behaviour 
of these residues when the enzyme is complexed with a peptide ligand.  
 
Additional questions regarding the role of specific residues in the function of cathepsins 
can also be addressed as follows:  
1. Does cathepsin L5 have a stronger interaction with a P2 Asp ligand than 
cathepsin L1?  
2. What residues at the enzyme active site can be attributed to the substrate 
preference of cathepsin L?  
3. Is residue 163 involved in substrate interaction?  
 
The availability of the cathepsin L crystal structure has facilitated the study of enzyme-
ligand binding interactions in a more cost- and time-efficient way via computational 
methods (Adams-Cioaba et al., 2011, Stack et al., 2008). To probe these questions, 3D 
structures of peptide RDR-bound cathepsins L1, L5 where RDR= Arg-Asp-Arg and 
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their mutants –cathepsin L1 A163G and cathepsin L5 G163A were built based on the 
homology with crystal structure 3K24 (coupled with the ligand QLA, where QLA=Gln-
Leu-Ala ) for molecular dynamics simulations.  
 
The objectives of the current study are: 
1. To investigate the role of residue 163 in the interaction with ligand RDR 
2. To identify potential residues in the vicinity of the S2 subsite that contribute to 
the preference for ligand RDR. 
3. To identify the representative structures of RDR-bound cathepsin L1 and L5 
protease. 
4. To elucidate the sidechain arrangements of the active site residues among 
conformations of cathepsin L proteases that give rise to substrate preference. 
 
Similar to Chapter 4, the results and discussion sections in this Chapter are combined 
as  the broad range of analysis techniques employed and data produced lend themselves 
more readily to interpretation within self-contained sections. In particular, sections 
dealing with the "convergence" of the simulation trajectories comprise a substantial 
portion of this Chapter, and in such analyses the raw results are only meaningful in light 
of an immediate discussion of their statistical significance. The overall findings 
obtained from the analyses are summarised in the Conclusions section of this chapter. 
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5.2 MATERIALS AND METHODS 
5.2.1 Homology modelling 
To create the models of Fasciola cathepsin L1 and L5 complexes with ligand RDR, the 
amino acid sequences of the cathepsin L1 and L5 with peptide ligand Arg-Leu-Arg 
(RLR) were first aligned to the human cathepsin L sequence (3K24) retrieved from the 
PDB. The crystal structure of 3K24 with ligand QLA was used as the starting point, and  
models of cathepsin L1 and L5 with ligand RLR were built based on the homology with 
the crystal structure of 3K24 using modeller (Sali et al., 1993) version 9.17. The ligand 
of the Fasciola enzyme was mutated from RLR to RDR using DeepView(Guex et al., 
1997) version 4.1. The first three models of cathepsin L1 and L5 with ligand RDR 
predicted by DeepView were evaluated  based on the binding energy calculated by 
Autodock Vina 1.1.2 (Trott et al., 2010). The models with the lowest binding energy 
were used in the subsequent MD simulations. To investigate the importance of a glycine 
at 163 in determining substrate specificity, a mutation at this location was created, using 
the program DeepView (Guex et al., 1997) version 4.1, transforming glycine to alanine 
and alanine to glycine, in the pre-selected model of cathepsin L5 and cathepsin L1 
respectively. 
 
5.2.2 Evaluation of conformation sampling 
Simulation of RDR-bound cathepsin L1, L5 and mutants were performed as described 
in Section 2.11.1. Default pH 7 in GROMACS was used for the simulations (Berendsen 
et al., 1995). Trajectories of the first 1000 time-frames corresponding to 1 nanosecond 
were discarded, and the trimmed set of three trajectories from a 10 ns simulation were 
concatenated using the trjcat program in GROMACS (Berendsen et al., 1995) with –
cat option to retain the frames with identical time stamps. 
PCA was performed using the following GROMACS programs: g_covar was used to 
calculate and diagonalize the covariance matrix, g_anaeig was used to analyze the 
eigenvectors and g_analyze was used to calculate cosine content from principal 
components (Berendsen et al., 1995). Graphs of principal components versus cosine 
content were drawn using the R statistical analysis package (R-Core-Team, 2013). 
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5.2.3 RMSD and RMSF calculations 
The Trjconv program in GROMACS was used to extract the trajectories files and 
remove rotational and translational motions of the proteins, thereby enabling analyses 
of the intramolecular motions of the proteins, by fitting the protein backbone structure 
of each timeframe to that of the previous one (i.e. progressive fitting). Then g_rms was 
used to calculate the RMSD from backbone to backbone of the reference (starting) 
structure. Protein RMSF’s were calculated using g_rmsf. 
  
5.2.4 Representative conformations of apo-cathepsin L 
Cluster analyses were used to identify representative conformations of RDR-bound 
cathepsin L and were performed on PC projection trajectory files. In order to enable 
rapid calculation without significant loss of information, every 5th line of the PC 
corresponding to every 5 picoseconds was retained for clustering. The files were 
trimmed by vim text editor.  Estimation of the number of clusters for each data set and 
clustering were performed using the cluster and factoextra package in R statistical 
analysis package (R-Core-Team, 2013).  
 
5.2.5 Network analysis 
The RMSD of residues 25 (C for L1 and L5), 63 (N for L1 and Y for L5), 137 (D for 
L1 and L5), 139 (E for L1 and L5), 158 (L for L1 and D for L5), 159 (R for L1 and L5), 
162 (H for L1 and L5) and 163 (A for L1 and G for L5), which correspond to the ligand-
binding site and subsite, were computed using the starting structure for the simulation 
as reference for RDR-bound cathepsin L1 and cathepsin L5 through GROMACS 
(Berendsen et al., 1995) version 4.6.5. Concatenated trajectories from 3 replicates with 
30000 snapshots in total were reduced to 541 snapshots by keeping every 50th time 
frame for a RMSD calculation. The computed pairwise RMSD matrix represented in 
colour codes was converted into a numerical matrix form using a Python script prior to 
constructing the network using the software Gephi version 9.0.1 (Bastian et al., 2009). 
Modularity and weighted degree of the nodes were calculated using the algorithms 
implemented in the software. 
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5.2.6 Free energy of binding calculations 
The binding energy consists of three energy terms –potential energy in a vacuum, polar-
solvation energy and non-polar solvation energy. The molecular mechanics/Poisson-
Boltzmann-Surface-Area (MM/PBSA) method was employed to calculate these energy 
terms using trajectories from MD simulations as input for the calculation tool 
implemented in the GROMACS package, g_mmpbsa (Baker et al., 2001, Kumari et al., 
2014). The output from g_mmpbsa was used as input in a python script provided in the 
package to calculate the final binding energy and energy contribution of each residue. 
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5.3 RESULTS AND DISCUSSION 
5.3.1 Assessment of homology model quality 
To obtain a realistic 3D structure of the cathepsin L-RDR complex for MD simulation, 
the quality of the first three models generated by DeepView3.1 (Sali et al., 1993) was 
evaluated  based on the docking score using Vina Autodock (Trott et al., 2010). In Vina 
AutoDock, the docking score is the predicted binding affinity in kcal/mol (1.000 
kcal/mol = 4.184 kJ/mol). As cathepsin L5 is known to specifically digest RDR, models 
with the lowest binding affinity energy are assumed to be the most appropriate, because 
the enzyme-substrate complex with the lower binding affinity energy is the more stable 
(Cui et al., 2015). To maintain consistency across models, a similar approach was taken 
to select the best model of cathepsin L1-RDR for subsequent study. The binding 
affinities of each model calculated by VinaAutodock (in kcal/mol and kJ/mol) are listed 
in Table 5.1.  
 
 
Table 5. 1 Binding affinity of first three cathepsin L1-RDR and L5-RDR models 
created by DeepView3.1.  
Binding affinity  CatL1-RDR CatL5-RDR 
Model 1 -5.35346 kcal/mol 
-22.39888 kJ/mol 
-5.71964 kcal/mol 
-23.93097 kJ/mol 
Model 2 -5.06321 kcal/mol 
-21.18447 kJ/mol 
-5.93005 kcal/mol 
-24.81133 kJ/mol 
Model 3 -4.95230 kcal/mol 
-20.72042 kJ/mol 
-5.48492 kcal/mol 
-22.94891 kJ/mol 
 
Model 1 of cathepsinL1-RDR and model 2 of cathepsinL5-RDR were selected as the 
template to create the structural model for the A163G and G163A mutants, respectively. 
It is noteworthy that the predicted binding affinity using Vina AutoDock indicates that 
RDR would bind more strongly to cathepsin L5 than L1 which is also confirmed by the 
MM-PBSA calculations below.  
 
168 
 
To visualize the position and orientation of the ligand RDR within cathepsin L1 and L5, 
3D structural models of cathepsin L1-RDR and cathepsin L5-RDR complex were 
aligned and superimposed  using VMD (Humphrey et al., 1996) as illustrated in Figure 
5.1. The 3D structure of cathepsins L1 and L5 were found to be quite similar as no 
obvious difference in the backbone structures was observed in the superimposed models. 
Observation of the two RDR ligands from superimposed models reveal that the Asp 
residues from both models were well-aligned, while the ɣ-carbon atom in the two Arg 
residues were oriented in different directions, with an angle of 106.3 ° (Figure 5.1(a)) 
and 82.1 ° (Figure 5.1(b)) between each of the same residues from the two models.  
 
 
Figure 5. 1 Position of ligand RDR within the active site of cathepsin L1 and L5. 
Superimposed cathepsin L1 and its peptide ligand RDR is drawn in silver colour while 
cathepsin L5 and its ligand RDR is drawn in yellow colour. The ɣ-carbon atom arginine 
residues from ligand RDR oriented in a different directions in two superimposed models. 
(a) The angle between ligand-R1 of cathepsin L1 and L5 is 106.3 °, (b) The angle 
between ligand-R2 of cathepsin L1 and L5 is 82.1 °. 
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5.3.2 Evaluation of conformational sampling 
PCs and cosine content were used to evaluate the quality of sampling, as described in 
section 4.2.1. The Cosine content was calculated for the first 20 PCs in each of the three 
independent replicates and the concatenated trajectories. The cosine content of the first 
few PCs of concatenated trajectories was below 0.5 and are lower on average compared 
to each independent replicate, as illustrated in Figure 5.2, which means that 30 ns 
trajectories obtained from the concatenation of 3 replicates showed no evidence of poor 
conformational sampling. 
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Figure 5. 2 Cosine content of first 20 PCs for RDR-bound cathepsin Ls. (a) cathepsin L1-RDR, (b) cathepsin L1V-RDR, (c) cathepsin L5-
RDR and (d) cathepsin L5V-RDR. Cosine content of concatenated trajectories (black lines) exhibited lower values compared to all independent 
replicates for the first 3 PCs, indicating a reliable dynamic sampling.   Red lines indicate cosine content of replicate 1; blue lines indicate cosine 
content of replicate 2 and green lines indicate cosine content of replicate 3. The cosine content of the first few PCs of concatenated trajectories is 
below 0.5 and are lower on average compared to each independent replicate, which means 30 ns trajectories obtained from the concatenation of 3 
replicates shows no evidence of poor conformational sampling. 
a. b. 
c.   b d.  
d   b 
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On the other hand, scatter plots of projections along principal components 1 and 2 
showed that the MD simulations sampled a wide region of the conformational space, 
while a partial overlap between replicates of trajectories has been achieved (Figure 5.3). 
The results indicate that the MD simulation in the current study produces reliable 
sampling. 
 
 
          
           
Figure 5. 3 Scatter plots of bi-dimensional projections along principal components 
1 and 2 for RDR-bound cathepsin Ls. (a) cathepsin L1, (b) cathepsin L1 A163G, (c) 
cathepsin L5 and (d) cathepsin L5 G163A. The data points covered a wide region of 
the conformational space indicating that the sampling of the simulations is sufficient. 
 
b. 
c. d.
a. 
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5.3.3 Comparison of RMSD values among cathepsin L’s  
RMSD values of every 10th frame corresponding to every 10 ps from the trajectory of 
the 10 ns MD simulation were extracted. Average RMSD values of the cathepsin-RDR 
complex from three replicate runs were calculated and plotted, with the average RMSD 
values of the corresponding apo-cathepsin obtained from chapter 4 for comparison, as 
illustrated in Figure 5.4.  
 
Figure 5.4 shows that binding of ligand RDR did not cause a striking change in the 
RMSD’s of cathepsin L. Overall, each cathepsin-ligand complex showed similar 
RMSD values with its corresponding apo-cathepsin, except the cathepsin L1-RDR 
complex which consistently exhibited an RMSD about 0.5 Å lower than its apo-
cathepsin L1 counterpart during the 10 ns simulation. In addition, the simulation of the 
cathepsin L1-RDR complex showed the lowest RMSD values (the highest being 1.1 Å, 
at ~7 ns) among all the investigated apo-cathepsins and complexes. 
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Figure 5. 4 Comparison of average backbone RMSDs over the course of a 10 ns simulation at 300 K between apo-enzyme and RDR-bound 
enzyme.  (a) apo-cathepsin L1 and cathepsin L1-RDR complex, (b) apo-cathepsin L1A163G and cathepsin L1A163G-RDR complex, (c) apo-
cathepsin L5 and cathepsin L5-RDR complex, (d) apo-cathepsin L5 G163A and cathepsin L5 G163A-RDR complex. Each cathepsin-ligand 
complex showed similar RMSD values to its corresponding apo-cathepsin, except the cathepsin L1-RDR complex which consistently exhibited 
an RMSD about 0.5 Å lower than its apo-cathepsin L1 counterpart during the 10 ns simulation.
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5.3.4 Identification of representative conformations of wild-type RDR-bound 
cathepsin L proteases 
As the residues outside the enzyme active site can also play a role in catalytic efficiency 
and substrate preference (Kingsley et al., 2015), this section of the study was focused 
on identifying representative structures of the whole wild-type cathepsin L proteases 
when bound to the substrate RDR. To achieve this, a k-means based partitioning around 
medoids (PAM) clustering method was applied to analyse PCs calculated for the 
trajectories of simulation. Table 5.2 shows the optimum number of clusters estimated 
by PAM algorithms implemented in R programs.  
 
Table 5. 2 Optimum number of clusters estimated by PAM algorithms for PC1 versus 
PC2 and PC1 versus PC3 of the trajectories from each cathepsin L simulation. 
Model Optimum number of clusters 
RDR-bound cathepsin L1 3 (PC1 and PC2) 
3 (PC1 and PC3) 
RDR-bound cathepsin L5 3 (PC1 and PC2) 
2 (PC1 and PC3) 
 
 
It is noteworthy that the cluster graphs of RDR-bound cathepsin L1 from PC1 and PC2 
(Figure 5.5 (a)) and RDR-bound cathepsin L5 from PC1 and PC3 (Figure 5.5 (d)) show 
a U-shape relationship between the two principal components. According to Hess and 
colleagues, such a pattern may indicate random diffusion within the simulation and is 
interpretable as thermal motion along a shallow free-energy landscape rather than 
functionally relevant motion (Hess, 2000, Hess, 2002). 
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Figure 5. 5 Clustering results of principal components of trajectories from a 30 ns 
simulation for RDR-bound cathepsins L1 and L5. (a)  Two-dimensional subspace 
clusters of RDR-bound cathepsin L1, (b) Three-dimensional subspace clusters of RDR-
bound cathepsin L1, (c) Two-dimensional subspace clusters of RDR-bound cathepsin 
L5, (d) Three-dimensional subspace clusters of RDR-bound cathepsin L5. There were 
6 clusters predicted for RDR-bound cathepsin L1 and 5 clusters predicted for RDR-
bound cathepsin L5. 
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Cluster analysis for two-dimensional  subspaces composed of either PC1 vs 2 or PC1 
vs 3 result in different numbers of clusters and hence a different identity of the medoids. 
To ensure all the possible conformations exhibited by cathepsin Ls are included, the 
representative conformations identified by both subspaces were elucidated. 
 
To visualise the representative conformations of RDR-bound cathepsin L1 and L5 
predicted by the clustering analysis, the time frame of the medoid for each cluster was 
determined. Then, the structure of the medoids was extracted from the trajectories and 
the representative structures of each cathepsin L protease studied. The details of the 
medoid for each cluster are listed in Table 5.3.  
 
 Table 5. 3 Profile of the medoids determined from clustering analysis. 
 Cluster Trajectory Time (ns) PC1 PC2 
L1-RDR-
PC1PC2 
Cluster 1 3 7.623 -0.99438 0.28863 
 Cluster 2 2 5.329 0.21522 -0.85919 
 Cluster 3 1 8.395 0.95674 0.71399 
L1-RDR-
PC1PC3 
Cluster 1 2 2.369 -0.37016 -0.59806 
 Cluster 2 2 8.739 0.81900 0.14564 
 Cluster 3 3 5.478 -1.04658 0.47647 
L5-RDR-
PC1PC2 
Cluster 1 3 8.338 -1.29890 0.11818 
 Cluster 2 1 5.115 0.51906 -0.92274 
 Cluster 3 2 6.434 0.96661 0.67126 
L5-RDR-
PC1PC3 
Cluster 1 3 7.843 -1.32761 0.17231 
 Cluster 2 1 1.655 0.68987 0.00274 
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Interestingly, careful screening of each representative conformation revealed  that in 
RDR-bound cathepsin L5, the sidechain -S-CH3 group of Met70 from the conformation 
of cluster1 of the PC1 vs PC3 plot orients towards the sidechain carboxyl ( -COO- ) 
group of Asp from the ligand, as highlighted in Figure 5.9.  Among all six 
conformations displayed by RDR-bound cathepsin L1, none of them showed this 
configuration. None of the cathepsin L1-RDR conformations, and only one of the 5 
conformations identified from the RDR-bound cathepsin L5 simulation showed this 
unusual sidechain arrangement, suggesting that this interaction might be crucial for the 
substrate specificity of cathepsin L5. 
 
 
Figure 5. 6 Overlay of residue Met 70 from the representative conformation of 
cluster 1 (PC1 vs PC3 plot) and cluster 1 (PC1 vs PC2 plot) of RDR-bound 
cathepsin L5. It can be seen that Met 70 of the representative conformation from cluster 
1 of PC1 vs PC3 plot possesses an S-CH3 moeity pointing towards the Asp residue of 
the ligand. Only one of the five conformations (20%) showed this orientation. The 
atoms from the other conformations pointing away from the Asp residue of the ligand 
are indicated by the downward arrow. 
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5.3.5 Direction and magnitude of residue movement 
Eigenvectors from the PC analysis were able to identify the residues that undergo 
relatively large scale concerted movement in a porcupine plot using extreme 
projections. Extreme projections on the first principal component for each apo-
cathepsin Ls and cathepsin L-ligand complex are illustrated in Figures 5.10 to 5.13. 
This was done in order to determine the different effects of ligand binding on the 
motions of cathepsin L5 and L1.  
 
Inspection of the porcupine plots reveals that cathepsin L5 has a unique pattern of atom 
movement compared to other enzymes. Ligand binding on cathepsin L5 results in 
higher concerted motion for the enzyme but lower concerted motion for the ligand. In 
contrast, for all other enzymes, ligand binding substantially reduces the concerted 
motions of the enzyme but the ligand itself retains high concerted motion. This suggests 
that the motional energy of the ligand might have transferred to cathepsin L5 but it does 
not transfer as much to the other enzyme isoforms. The energy transfer tracking study 
showed that the increased dynamics of the substrate resulted in its rate of binding and 
stability of the bound protein-substrate complex decreased significantly (Kastantin et 
al., 2017) hence the lower dynamics of RDR in cathepsin L5 compared to the other 
cathepsin isoforms indicates that RDR is most accepted by cathepsin L5. 
 
Furthermore, the lower magnitude of concerted motions of RDR bound to cathepsin L5 
is consistent with the ΔRMSF values (discussed in the following section) which show 
relatively minor differences in dynamics between RDR-bound and apo-cathepsin L5, 
possibly indicating a better “fit” of RDR to cathepsin L5 compared to all the other 
cathepsin isoforms studied. 
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Figure 5. 7 Porcupine plots of cathepsin L1. (a) apo-cathepsin L1 and (b) RDR-bound cathepsinL1. The direction of the arrows at each C-alpha 
atom represents the direction of motion, while the length of the arrow represents the motion strength as indicated by the scale. Ligand binding 
substantially reduces the concerted motions of the enzyme but the ligand itself retains high concerted motion. 
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Figure 5. 8 Porcupine plots of cathepsin L1 mutant. (a) apo-cathepsinL1 A163G and (b) RDR-bound cathepsinL1 A163G. The direction of the 
arrows at each C-alpha atom represents the direction of motion, while the length of the arrow represents the motion strength as indicated by the 
scale. Ligand binding substantially reduces the concerted motions of the enzyme but the ligand itself retains high concerted motion. 
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Figure 5. 9 Porcupine plots of cathepsin L5. (a) apo-cathepsin L5 and (b) RDR-bound cathepsin L5. The direction of the arrows at each C-
alpha atom represents the direction of motion, while the length of the arrow represents the motion strength as indicated by the scale. Ligand binding 
substantially increases the concerted motions of the enzyme but ligand has lower concerted motion.
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Figure 5. 10 Porcupine plot of cathepsin L5 mutant. (a) apo-cathepsin L5 G163A and (b) RDR-bound cathepsin L5 G163A. The direction of 
the arrows at each C-alpha atom represents the direction of motion, while the length of the arrow represents the motion strength as indicated by 
the scale. Ligand binding substantially reduces the concerted motions of the enzyme but the ligand itself retains high concerted motion. 
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5.3.6 Comparison of RMSF values of each residue among cathepsin Ls 
To study the flexibility changes in the enzyme structure after ligand RDR binding at 
the level of individual residues, the RMSF value differences between apo-enzyme 
(obtained from chapter 4) and ligand-bound enzyme are plotted in Figure 5.14, where 
residues exhibiting apparent fluctuation are indicated. Overall, the RMSF values of the 
proteins are quite similar between apo-enzyme and ligand-bound enzyme, with a few 
residues exhibiting a substantially different flexibility, although all RMSF differences 
are below 2.5 Å. 
 
Residues of cathepsin L1 in the native apo-enzyme and  the ligand-bound state exhibit 
highly similar flexibility with the exception that in the ligand-bound state, the RMSF 
value of residue R191 is higher while residues Q79 and S187 are lower compared to 
the apo-enzyme (Figure 5.14 (a)). For ligand-bound cathepsin L1 A163G, none of the 
residues exhibit apparent higher flexibility than its corresponding apo-enzyme while 
residues R98, V105 and H115 exhibit reduced flexibility (Figure 5.14(b)). 
 
For cathepsin L5, there are more residues exhibiting different flexibility between apo-
enzyme and ligand-bound state. In the ligand-bound state, residues E9, K78 and K107 
display greater flexibility while residues R91, R98, H115 and N161 have lower 
flexibility compared to the apo-enzyme (Figure 5.14 (c)). Cathepsin L5 G163A in the 
apo-enzyme state and ligand-bound state show highly similar flexibility with the 
exception that in the ligand-bound state, residues R79, E101, H115 and Q153 exhibit 
more flexibility than the apo-enzyme (Figure 5.14 (d)). Interestingly, all these residues 
are charged at pH 7 (simulation condition), most of   them positively. The ligand RDR 
is overall positively charged, and  the strong electrostatic interactions can exert their 
influence over a long distance, hence suggesting the ligand could be affecting these 
distant residues in a different way due to electrostatic repulsion/attraction for the 
cathepsin wildtype, compared to the L5 mutant.
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Figure 5. 11 RMSF value differences between apoenzyme and enzyme-ligand complex. (a) cathepsin L1 and cathepsin L1 with RDR. The 
RMSF of residue R191 is higher in the RDR-cathepsin L1 complex while its residues Q79 and S187 are lower compared to its apo-enzyme; (b) 
cathepsin L1 A163G and cathepsin L1 A163G with RDR. The RMSF’s of residues R98, V105 and H155 in the RDR-cathepsin L1 mutant are 
lower compared to its apo-enzyme; (c) cathepsin L5 and cathepsin L5 with RDR. The RMSF’s of residues R91, R98, H115, N161 in the RDR-
cathepsin L5 have lower RMSF values while the RMSF’s of residues E9, K78 and K107 are higher compared to its apo-enzyme; (d) cathepsin L5 
G163A and cathepsin L5 G163A with RDR.   The RMSF’s of residues R79, E101, H115 and Q153 in the RDR-cathepsin L5 mutant are higher 
compared to its apo-enzyme. 
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An alteration of the residue at position 163 did not impose a striking effect on the overall 
structure flexibility of the RDR-bound cathepsin L proteases, except decreased 
flexibility of residue R98 in cathepsin L1, and increased flexibility of H115 in cathepsin 
L5 as indicated in Figure 5.15. To understand the role of these residues in the interaction 
with the ligand, their locations in the protein were probed and are highlighted in Figure 
5.16. It can be seen that neither R98 nor H115 are located in the vicinity of the enzyme 
active site or at the entrance to the active site. Hence, it is assumed that residues R98 
and H115 have no direct influence on determining the substrate specificity and catalytic 
mechanism (Kingsley et al., 2015). 
 
Figure 5.14 suggests that RDR binding has virtually no effect on L5 flexibility (all 
differences << 0.1 nm), whereas for all the other cathepsins, at least one residue shows 
a significant difference (close to or > 0.1nm RMSF difference). This suggests a better 
“fit” of RDR for cathepsin L5 i.e. RDR binding does not perturb the molecular 
dynamics of cathepsin L5 as much as it does for the other cathepsins. 
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Figure 5. 12 RMSF differences between ligand-bound cathepsins. (a) cathepsin L1 
and cathepsin L1 A163G, (b) cathepsin L5 and cathepsin L5G163A. A change of 
residue A163 to G163 decreased the flexibility of residue R98 in cathepsin L1, while a 
changeof G163 to A163 increased the flexibility of H115 in cathepsin L5. 
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Figure 5. 13 The  structure of cathepsin L5 is used to illustrate the location of 
residues R98 and H115 (drawn in red). The  ligand  RDR ( shown in colour ) is 
located within the active site  of cathepsin L5 which is represented by transparent white 
NewCartoon. Note that residues R98 and H115 are not located in the vicinity of the 
enzyme active site or at the entrance to the active site. 
 
5.3.7 Energy contribution of residues to binding 
In the current study, the contribution of residues to the ligand binding energy is 
calculated using the MM-PBSA method implemented in the Gromacs program 
g_mmpbsa (Kumari et al., 2014), together with the associated Python script, 
MmPbSaDecomp.py which can be downloaded from 
https://github.com/RashmiKumari/g_mmpbsa/blob/master/tools/MmPbSaDecomp.py.  
 
Figure 5.17 was plotted by subtracting the energy contribution  of cathepsin L5’s 
residues from those  of cathepsin L1’s at their corresponding residue positions. The 
residues of cathepsin L5 that showed more than 3 kJ/mol more favourable binding 
energy (i.e. more negative) than L1  to ligand RDR are C25, D59, Y63, E75, E101, 
D118, Q123, D137, E139, D158, D173, D191. On the other hand, the residues of 
cathepsin L1 that showed more than 3 kJ/mol more favourable binding energy to ligand 
RDR than cathepsin L5 are E42, Q79, T91, R159, and N199.  
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It is noteworthy that  the position of the residues that contributed more favourable 
binding energy within cathepsin L5 are 63, 137, 139 and 158 which are located at the 
entrance to the active site pocket, while residue 25 is located within the active site, as 
illustrated in Figure 5.18 .   Residues located at the entrance to the active site pocket 
might be associated with each other to stablilise specific conformations at the active 
site entrance for the passage of RDR, similar to the “gate-keeper” residues reported for 
the cathepsin L1 interaction with ligand AALR*NAA (*represents the position of the 
scissile bond) (Stack et al., 2011, Stack et al., 2008).  
 
On the other hand, cysteine 25 is also known to be a member of cathepsin L’s catalytic 
dyad (C25-H162) hence the stronger binding energy contributed by C25 of cathepsin 
L5 suggests that interaction of the ligand RDR with cathepsin L5 was more stable, and 
possibly one of the reasons cathepsin L5 digests RDR more efficiently than cathepsin 
L1, as demonstrated in chapter 3 of the current study.  Of the five residues of cathepsin 
L1 that showed more favourable binding energy, only residue 159 is located at the 
entrance to the active site pocket.   
 
Assuming cathepsin L5 wild-type is able to cleave the ligand RDR more efficiently 
than the other isoforms as a result of  its residues contributing more favourable binding 
energy, as described above, the unique residues would be the key determinants of the 
RDR preference. From the current investigation, aspartic acid at 158 is the only unique 
residue located in the vicinity of the entrance to the active site pocket that consistently 
contributes stronger binding energy compared to cathepsin L1 and cathepsin L5 
G163A. In the cathepsin L1 and its mutant, there is a leucine at 158. 
 
Cathepsin L5 only possesses one amino acid different from its mutant cathepsin L5 at 
residue 163 (G163 in wild-type; A163 in mutant) and this is the same in cathepsin L1 
and its mutant (A163 in wild-type; G163 in mutant). Therefore, the residues which 
contribute different ligand binding energy between the wild-type and its mutant might 
possibly associate with residue 163 to interact with the ligand RDR. Although there is 
a difference in total binding energy (Table 5.4), the change of residue 163 from A to G 
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in cathepsin L1 does not cause any apparent difference in the binding energy 
contribution of any residue. The more negative total binding energy of cathepsin L1 is 
distributed evenly in small amounts among some of the residues, as illustrated in Figure 
5.19.  
 
In contrast, a change of residue 163 from G to A in cathepsin L5 causes an apparent 
lesser binding energy contribution from 4 residues (E94, D137, E 139 and D158) as 
shown in Figure 5.19, where residues 137, 139 and 158 are located in the vicinity of the 
entrance to the active site pocket (Figure 5.20). Assuming there is a stronger 
contribution of binding energy from these residues to the ligand RDR which leads to 
more efficient catalysis, this result concurs with the HDM digestion analysis from 
chapter 3 of the current study, where it was observed that the cathepsin L5 G163A 
(mutant) had a reduced efficiency in digesting HDM compared to its wild-type. 
 
Interestingly, this analysis of the energy contribution of the residue to ligand binding 
did not find residue 98 of wild-type cathepsin L1 nor residue 115 of wild-type cathepsin 
L5 contributed any stronger/weaker ligand RDR binding than its mutant, while in the 
RMSF analysis these residues were shown to have a significant  effect on the flexibility 
between wild-type and mutant. This observation suggests that both dynamic (eg. 
RMSF) and energetic (eg. MM-PBSA) considerations need to be taken into account to 
identify residues which may play a role in the differerent behaviour of related enzymes. 
 
The analysis of the residues that contribute more favourable binding energy and their 
location, as described above, suggests that the combination of cathepsin L5’s unique 
amino acids at 158 (D) and 163 (G) are crucial determinants for residues 25, 63, 137, 
139 and 158  which surround the active site pocket and its entrance, contributing a 
strong binding energy to the ligand RDR.  This also explains why a change of amino 
acid at 163 from alanine to glycine alone in cathepsin L1 is not sufficient for residues 
25, 63, 137, 139 and 158  to exhibit a stronger binding energy to ligand RDR (Figure 
5.20). 
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On the other hand, it was noteworthy that an arginine (a common residue in cathepsin 
L1 and L5) at 159,  which is also located at the entrance to the active site pocket, 
consistently showed weaker binding energy in cathepsin L5 compared to cathepsin L1 
and cathepsin L5 G163A.  This suggests that the preference of the RDR ligand  for 
cathepsin L5 requires a weak interaction, rather than a strong one, between residue 159 
and ligand. 
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Figure 5. 14 The differences of binding energy contributions between residues of cathepsin L5 and cathepsin L1. The residues with binding 
energy differences >3 kJ/mol are labelled. The residues of cathepsin L5 that have a more favourable binding energy than L1  to ligand RDR are 
C25, D59, Y63, E75, E101, D118, Q123, D137, E139, D158, D173, D191, while the residues of cathepsin L1 that showed the more favourable 
binding energy to ligand RDR than to cathepsin L5 are E42, Q79, T91, R159, and N199.  
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Figure 5. 15 Position of cathepsin L5 residues  that contribute stronger (drawn in red) and weaker (drawn in green) ligand binding energy 
than cathepsin L1. Cathepsin L5 is represented in white transparent NewCartoon and the RDR ligand located in the enzyme active site is shown 
in colour. Residues 63, 137, 139, 158 and 159 are located at the entrance to the active site pocket while residue 25 is located within the active site.
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Figure 5. 16 The differences in the binding energy contribution between residues of wild-type and its mutant. Blue line represents differences 
between cathepsin L5 and cathepsin L5 G163A, while the orange line represents differences between cathepsin L1 and cathepsin L1 A163G. The 
residues with a binding energy difference >3 kJ/mol are labelled. There is no apparent difference in the binding energy contribution of any residue 
arisng s from the change of A163 to G163 in cathepsin L1; the differences are seen to be  evenly spread in small amounts to some of the other 
residues. A change of G163 to A163 in cathepsin L5 causes a lesser binding energy contribution from  E94, D137, E139 and D158 and an increased 
binding energy contribution from residue 159. 
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Figure 5. 17 Position of cathepsin L5 residues that contribute more (drawn in red) or  less (drawn in green) than 3 kJ/mol binding energy 
than its mutant cathepsin L5 G163A. Cathepsin L5 is represented as white transparent NewCartoon and the ligand RDR located in the enzyme 
active site is represented  in colour. Residues 137, 139, 158 and 159 are located in the vicinity of the entrance to the active site pocket. 
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5.3.8 Summary of total energy contribution to the cathepsin L protease and 
ligand RDR interaction 
The total binding energy of ligand RDR to cathepsin L proteases was calculated using 
a Python script (MmPbSaStat.py) provided in the g_mmpbsa package. A summary file 
containing averages and standard deviations of all the energy components and the total 
binding energy was obtained as output. A summary of the energy contribution for all 
the investigated enzyme-ligand complexes is listed in Table 5.4.  
 
Binding energy calculations clearly show that the interaction between the ligand RDR 
and cathepsin L5 was the strongest (-234.61 kJ/mol) among the investigated proteases, 
i.e. cathepsin L1 (-88.24 kJ/mol), cathepsin L1 mutant (-66.27 kJ/mol) and cathepsin 
L5 mutant (-216.18 kJ/mol). The outcome of this total binding energy calculation is 
consistent with the HDM digestion analysis, where cathepsin L5 digests HDM with a 
P2 Asp better than cathepsin L1, and this digestion was the most efficient among all the 
investigated proteases. In addition, the alteration of an alanine to glycine at position 163 
neither imposed stronger binding energy between ligand RDR and cathepsin L1 A163G 
nor improved the HDM digestion.  
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Table 5. 4 Summary of the energy contributions to the interaction of cathepsin L proteases with the ligand RDR. 
Contribution energy CatL1 CatL1 A163G CatL5 CatL5 G163A 
Van der Waal energy 
(kJ/mol) 
-107.04±28.86 -112.29±22.16 -135.27±19.35 -105.217±32.48 
Electrostatic energy 
(kJ/mol) 
-219.61±51.76 -232.631±49.98 -372.6±50.52 -315.22±62.77 
Polar solvation energy 
(kJ/mol) 
251.41±67.61 292.85±60.87 288.94±59.92 216.82±79.07 
SASA energy (kJ/mol) -13.00±2.55 -14.20±1.62 -15.68±2.1 -12.56±3.45 
     
Binding energy (kJ/mol) -88.24±29.51 -66.27±26.59 -234.61±26.12 -216.18±28.67 
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5.3.9 Network analysis of side-chain rearrangements of residues at active site  
Conformational changes at the enzyme active site have been suggested to be a common 
mechanism for dictating substrate specificity in enzymes with multiple substrates (Rago 
et al., 2015). All cathepsin L proteases can digest multiple substrates  and  in addition, 
some of the isoforms have their unique substrate preference, such  as the unique P2 Asp 
preference of cathepsin L5 (Norbury et al., 2012). Therefore, it is speculated that 
cathepsin L5 is able to rearrange the side chains of its residues at the S2 subsite, 
producing a specific conformation that can accommodate Asp P2, which cannot be 
achieved by other isoforms.   
 
Network analysis uses graphs to represent complex systems as a collection of “nodes” 
connected to one another by links/edges. The connectivity and the topology of the 
network provide useful information to reveal interactions and inherent relationships 
within the system (Newman, 2003). For molecular dynamics simulation trajectories, 
the network description of the conformation space gives a systemic view of all the 
possible conformations accessed by the system and their transitions (Rao et al., 2004). 
Network analysis of smaller proteins or an ensemble of residues using the calculated 
RMSD from the trajectory is more sensitive than using PCA. Indeed, PCA is more often 
used to pinpoint conformational changes occuring at the global level (Mutt et al., 2016). 
 
In section 5.3.7 (Energy Contribution), residues at locations 25, 63, 137, 139, 158, 159 
and 163 in the vicinity of the enzyme active site and its entrance were found to be 
involved in the RDR binding to the cathepsin L protease. In the current section of study, 
network visualization of the RMSD along the trajectories and reference structure was 
calculated for the residue ensemble (including residue 162 which is one of the catalytic 
dyad) in coordinates of protein atoms, and their connectivity is discussed. Hence, in this 
case the conformation in each simulation frame is treated as a node of the network and 
linked to another node depending on the similarity, based on a selected RMSD cutoff 
value of 0.1 nm. The links can also be interpreted as representing possible transitions 
between the conformations (although it is noted that nodes (conformations) that share 
similar RMSD’s, and are therefore connected by edges, are not necessarily consecutive 
in time during the simulations). Furthermore, the unique arrangement of the side-chains 
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of these residues displayed by cathepsin L5 throughout the 30 ns trajectories can be 
identified. 
 
The length of the calculated RMSD in the pairwise matrix (N X N, where N is the 
number of frames extracted from 30 ns of simulation) was represented by color codes 
as shown in Appendix 5. This pairwise RMSD matrix contained all the information 
needed to study how ensemble members are related to one another. The 
similarity/disimilarity between the ensemble members is defined with an RMSD cutoff, 
so that any two nodes related by an RMSD value less than the cutoff in the pairwise 
matrix are connected by an edge in the network. Networks with RMSD cutoffs of 0.01, 
0.05, 0.1 and 0.2 nm were assessed. A network constructed with 0.1 nm RMSD cutoff 
produced a network with sufficient edges to allow distinct conformational clusters to 
be distinguished, while not producing too many edges as to create a single highly-
interconnected network that is difficult to interpret for the ensemble members of both 
RDR-bound cathepsin L1 and L5.  
 
The modularity and statistical weighted degree of each node was calculated using the 
algorithms implemented in the gephi 9.0.2 software. Modularity measures how well a 
network decomposes into modular communities by looking for the nodes that are more 
densely connected together than to the rest of the network. In other words, nodes within 
the same module class in the present study reflect conformations with the highest 
similarity compared to the conformations in other module classes.  
 
On the other hand, the statistical weighted degree is the score of each node depending 
on the number of edges connected to it. Therefore, nodes with the highest weighted 
degree represent the conformation that was most populated throughout the simulation. 
The  conformation space network also describes the significant free energy minima and 
their dynamic connectivity, where highly populated nodes are minima of free-energy 
and the set of nodes densely connected to them make up the basis of such minima (Rao 
et al., 2004).  
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During the 30 ns simulation of RDR-bound cathepsin, the RMSD’s of the ensemble 
members in the vicinity of the enzyme active site  were classified into 6 prominent 
modules for cathepsin L1 (Figure 5.21) and 7 modules for cathepsin L5 (Figure 5.22).  
In other words, ensemble members of cathepsin L1 and L5 displayed 6 (Appendix 6) 
and 7 (Appendix 7) conformations throughout the simulation respectively. The node 
size reflects the weighted degree of the node, which means conformations at module 1 
of cathepsin L1 and module 3 of cathepsin L5 are most displayed throughout the 
simulation as these modules have the largest nodes compared to other modules. 
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Figure 5. 18 Conformation space network of residues 25, 63, 137, 139, 158, 159, 
162 and 163 at the enzyme active site of RDR-bound cathepsin L1. The size of the 
nodes reflects the weighted degree while the colour represents the module 
classification. Six prominent connected modules have been identified and labelled. 
Module 1 is displayed throughout the simulation as this module has the largest number 
of nodes compared to the other modules. 
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Figure 5. 19 Conformation space network of residues 25, 63, 137, 139, 158, 159, 
162 and 163 at the enzyme active site of RDR-bound cathepsin L5. The size of the 
nodes reflects the weighted degree while the colour represents the module 
classification. Seven prominent modules were identified as labelled. Module 3 of 
cathepsin L5 is most displayed throughout the simulation as this module has the largest 
number of nodes compared to the other modules. 
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Table 5.5 shows the nodes with the highest weighted degree in each of the modules for 
cathepsin L1 and L5. In cathepsin L1, module 1 has the highest weighted degree node 
(304) compared with the others, although the node at module 4 has a considerably 
higher weighted degree (212) and likewise for node 2 (172), which means 
conformations at these timeframes (nodes) are most stable with the lowest free energy. 
Investigation of the links between the 6 modules reveals that modules 1 and 4 are not 
directly connected but must at least be able to access module 2. The other paths to 
transform from module 1 to 4 are 1→2→5→4  or 1→2→3→6→5→4.  
 
In cathepsin L5, the conformation at module 3 is the most highly weighted (250) 
compared to the other modules. Similar to cathepsin L1, the nodes from module 2 (150) 
and module 1 (110) have a considerably higher weighted degree among the modules. 
There is only one path to transform from the conformation of module 3 to 2 i.e., 
3→6→5→1→2. 
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Table 5. 5 The most weighted degree node at each module for cathepsin L1 and L5. 
Cathepsin  Module Node  Weighted degree 
L1 1 1198 304 
L1 2 3599 172 
L1 3 9749 32 
L1 4 7850 212 
L1 5 9598 3 
L1 6 8249 37 
 
L5 1 9600 110 
L5 2 6249 150 
L5 3 4198 250 
L5 4 2248 26 
L5 5 4450 68 
L5 6 4649 44 
L5 7 2199 34 
 
 
 
Among the residue ensembles being investigated in the present study, cathepsin L1 and 
L5 share common amino acid residues at 25, 137, 139, 159 and 162 i.e. cysteine, 
aspartic acid, glutamic acid, arginine and histidine respectively, whilst it is asparagine 
at 63, leucine at 158 and alanine at 163 in cathepsin L1,  and tyrosine at 63, aspartic 
acid at 158 and glycine at 163 in cathepsin L5. 
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The most populated conformation of RDR-bound cathepsin L1 and L5 from each 
module was extracted from the trajectories and superimposed for comparison using 
VMD software. The side-chain arrangements of the 8 ensemble residues in each 
conformation are presented individually in Appendix 8 for cathepsin L1 and in 
Appendix 9 for cathepsin L5. Except for D137, the other common residues (C25, E139,  
R159 and H162) showed more than one type of side chain arrangement in both 
cathepsin L1 and L5 simulation.  
 
For the C25 residue, the thiol side-chain rearrangements  are attributed to the different 
degrees of torsion angles in the Sɣ chain. For the R159 residue,  variable structures 
were presented by both cathepsin L1 and L5 as their carbon chains undergo a certain 
degree of torsion. For H162,  there was only a slight difference in the torsion angle of 
the Cɣ chain among the different conformations.  
 
For the unique residues of cathepsin L1, the structure of N63 did not display any 
noticeable difference while the Cβ chain of L158 undergoes different degrees of torsion 
in all 6 conformations. In A163,  there is a slight difference in the bending angles of the 
Cβ chain among conformations.  
 
For the unique  residues of cathepsin L5, the Cβ chain of Y63 in module  7 undergoes 
a large torsion change compared to the other conformations, while  the Cɣ and Cζ   
chains show variable degrees of torsion among different conformations. For D158, all 
three Cα,  Cβ and  Cɣ  chains  from all conformations have slightly different torsion  
angles while there is no noticeable difference observed in  the conformation of G163. 
 
Conformation changes of the ligand RDR throughout the simulation and the difference 
arising from binding to cathepsin L1 and L5 were also studied. As the RMSD calculated 
to contruct networks only includes the residue members of the ensemble in the vicinity 
of active site, the conformations of ligand RDR from module 1 and module 2 of 
cathepsin L1 are identical which are also similar to the conformation of ligand RDR 
bound to cathepsin L5 from module 1. The remainder of the ligand RDR conformations 
are unique. 
 
205 
 
Figure 5.23 to Figure 5.25 and Figure 5.26 to Figure 5.29 show the most stable structure 
(corresponding to the nodes with highest weighted degree) of RDR-ligand bound 
cathepsin L1 and L5 respectively. From a comparison of these two conformations, it is 
noticeable that the Cɣ chain of ligand-R2 bound to cathepsin L5  has about a 180 ° 
torsion angle compared to the same chain bound to cathepsin L1, which results in the 
whole side-chain of arginine facing down towards C25. The other noticeable structural 
difference is at R159 located at the opening of the active site. The side-chain of R159 
was pointing upwards, which is away from the active site in cathepsin L1, while it was 
pointing in a direction parallel to the side-chain of ligand-R2 of cathepsin L5, which is 
towards the active site. The difference in the side-chain rearrangements of these 
residues might contribute to the different acceptance level of the ligand RDR by 
cathepsin L1 and L5. 
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Figure 5. 20 Side-chain arrangements displayed by most populated conformations of ligand RDR bound cathepsin L1 throughout the 
simulation from modules 1 and 2. (a) module 1 and  (b) module 2. Structure (a) represented the most stable (minimum free energy) conformation 
of cathepsin L1 during the 30 ns simulation. The residue ensemble and ligand RDR are drawn in colour while the remaining cathepsin L protein 
is drawn as NewCartoon in white and transparent. 
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Figure 5. 21 Side-chain arrangements displayed by most populated conformations of ligand RDR bound cathepsin L1 throughout the 
simulation from modules 3 and 4. (a) module 3 and (b) module 4. The residue ensemble and ligand RDR are drawn in colour while the remaining 
cathepsin L protein is drawn as NewCartoon in white and transparent. 
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Figure 5. 22 Side-chain arrangements displayed by most populated conformations of ligand RDR bound cathepsin L1 throughout the 
simulation from modules 5 and 6. (a) module 5 and (b) module 6. The residue ensemble and ligand RDR are drawn in colour while the remaining 
cathepsin L protein is drawn as NewCartoon in white and transparent. 
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Figure 5. 23 Side-chain arrangements displayed by most populated conformations of ligand RDR bound cathepsin L5 throughout the 
simulation from modules 1 and 2. (a.) module 1 and (b.) module 2. The residue ensemble and ligand RDR are drawn in colour while the remaining 
cathepsin L protein is drawn as NewCartoon in white and transparent.  
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Figure 5. 24 Side-chain arrangements displayed by most populated conformations of ligand RDR bound cathepsin L5 throughout the 
simulation from modules 3 and 4. (a) module 3 and (b) module 4. Structure (a) represented the most stable conformation (minimum free energy) 
of cathepsin L5 during the 30 ns simulation. The residue ensemble and ligand RDR are drawn in colour while the remaining cathepsin L protein 
is drawn as NewCartoon in white and transparent.  
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Figure 5. 25 Side-chain arrangements displayed by most populated conformations of ligand RDR bound cathepsin L5 throughout the 
simulation from modules 5 and 6.  (a) module 5 and (b) module 6. The residue ensemble and ligand RDR are drawn in colour while the remaining 
cathepsin L protein is drawn as NewCartoon in white and transparent.  
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Figure 5. 26 Side-chain arrangements displayed by most populated conformations of ligand RDR bound cathepsin L1 throughout the 
simulation from module 7. The residue ensemble and ligand RDR are drawn in colour while the remaining cathepsin L protein is drawn as 
NewCartoon in white and transparent.  
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5.4 CONCLUSION 
The binding energy calculation analysis indicates that cathepsin L5 has the highest binding affinity 
for the ligand RDR, and this observation is consistent with its known ability to cleave peptides 
with P2 Asp. Compared to cathepsin L5, cathepsin L1 has a much lower binding affinity. 
Interestingly, both mutant cathepsins L1 and L5 have slightly lower binding energies than their 
wild-type versions which is also consistent with the HDM digestion analysis in Chapter 3. A lower 
binding affinity/HDM digestion is expected for the cathepsin L5 mutant, but the result for the 
cathepsin L1 mutant is surprising, since it might have been expected to show a higher binding 
affinity than wild-type cathepsin L1.   
 
In the MM-PBSA analysis, the binding energy was partitioned into contributions from individual 
amino acids and it was found that residues 25, 59, 63, 75, 101, 118, 123, 137, 139, 158, 173 and 
191 are the main factors enabling higher binding of cathepsin L5 to RDR compared to cathepsin 
L1.  Of these, only residues 63 and 158 are unique and are located in the vicinity of active site. 
Also, residues 94, 137, 139 and 158 were the main ones responsible for lowering the binding 
affinity of the cathepsin L5 mutant compared to the wild-type cathepsin L5, which means these 
molecules associated with G163 to interact with ligand RDR.  Of these only 158 is a unique residue 
and is located in the vicinity of the active site. Thus, residues 63 and 158 might also be the 
determinants of cathepsin L5’s P2 Asp preference, not just G163 as previously suggested. 
 
Analysis of the RMSF values and porcupine plots suggest that cathepsin L5 is the most stable upon 
RDR binding compared to all the other cathepsin L isoforms. This result may arise from the 
observation that cathepsin L5 has a very favorable interaction with the ligand RDR due to the 
enhanced flexibility of the enzyme’s ensemble residues compared to the other isoforms. Analysis 
of the overall protein structure, as well as the structure of the residue ensembles at the active site, 
during the simulation using a clustering and network construction revealed different conformations 
for cathepsin L5 compared to cathepsin L1. A longer simulation is recommended for future studies 
to ensure all the structures are sampled and converged. On the other hand, cathepsin L5 mutants 
with a base alteration at residue positions 94, 137, 139 and 158 can be generated and tested for 
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substrate digestion analysis to confirm whether they are the determinants for the Asp P2 preference 
of cathepsin L5.  
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Chapter 6  
Design, cloning and validation of artificial miRNA-adapted shRNAs 
targeting Fasciola cathepsin L5 protease  
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6.1 INTRODUCTION 
Cathepsin L5 protease is secreted only by immature and adult flukes in small amounts (Robinson 
et al., 2009b) and has been demonstrated to be possibly involved in host immune modulation by 
processing a host defence molecule (HDM), as described in chapter 3 of this study. The extent and 
the magnitude of involvement of the cathepsin L5 protease in host immune modulation is unknown. 
Knock-down of the cathepsin L5 gene using the RNAi approach would theoretically lead to 
decreased expression, secretion and activity of this protease, and permit comparison of the 
secretome isolated from cathepsin L5 knock-down parasites with controls, and would further 
facilitate studies on the involvement of this protease in host immune modulation. 
 
The first step of this approach is to develop constructs for RNAi able to specifically target 
cathepsin L5. RNAi has previously been delivered into different developmental stages of liver 
fluke using a non-viral method to study gene function. Examples of these studies include; cathepsin 
L and cathepsin B in newly excysted juveniles (McGonigle et al., 2008), cathepsin L, cathepsin B 
and glutathione transferase in juvenile flukes (McVeigh et al., 2014) and  leucine aminopeptidase 
in newly excysted juvenile flukes (Dell'Oca et al., 2014). In all cases, the RNAi was delivered in 
the form of long double-stranded RNA and sheared into multiple short interfering RNAs by Dicer 
in the cytoplasm. The resulting siRNAs targeted different regions of the gene leading to multiple 
gene knock-downs because the gene sequence similarity among isoforms of cathepsin proteases is 
more than 80 % (Corvo et al., 2009, Dowd et al., 1997, Roche et al., 1999, Smooker et al., 2000). 
  
Immature and adult flukes have a protective layer of tegument on the body surface. Non-viral 
delivery methods failed to deliver RNA into adult flukes in a previous study and the authors 
suggested it may due to the protective tegument on the body surface of the parasite blocking the 
delivery of the RNAi (McGonigle et al., 2008).  Furthermore, the transient nature of RNAi 
expression means that it does not last until the transgenic metacercariae or newly excysted juvenile 
flukes grow into immature flukes.  
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The lentiviral delivery system has been shown to be able to successfully transduce and efficiently 
knock down gene expression in Schistosoma mansoni (Hagen et al., 2014), a parasitic trematode 
from the same class as Fasciola hepatica. In addition, lentiviral delivery methods possess several 
advantages over other delivery methods such as soaking and electroporation. Lentiviral vectors 
induce high efficiency transduction because they are able to infect both quiescent and dividing 
cells (Manjunath et al., 2009). More importantly, the genetics of the lentivector have been 
modified so its safety of handling has been improved and cellular toxicity associated with the 
expression of viral genes is reduced (Wu et al., 2000). The lentivector is able to induce stable 
expression and addition of the endogenous microRNA context and loop to enhance the precision 
of DICER in processing shRNAmir. As a result, delivery of shRNAmir by the lentiviral system 
combines the advantage of being able to produce more specific and constant interference of 
cathepsin L5 mRNA translation.  Furthermore, the pGIPZ lentivector can be used in transient 
transfections to achieve expression of shRNAmir which allows validation of the shRNAmir 
specificity by direct transfection into a cell-line built to express cathepsin L genes. 
 
In the current study, a nucleotide sequence targeting cathepsin L5 mRNA was synthesised as a 
short hairpin with an endogenous microRNA context and loop (shRNAmir). The lentiviral vector 
pGIPZ was manipulated to carry the shRNAmir, and this vector was packaged into replication 
incompetent, non-infectious virus particles for gene delivery and integration into the parasite 
genome. Three novel artificial miRNA-adapted shRNAs targeting unique regions of cathepsin L5 
protease’s coding DNA sequence (CDS) were constructed.  
 
The objectives of work described in this chapter were: 
1. To design and synthesise shRNAmirs targeting suppression of cathepsin L5 protease. 
2. To develop mammalian cell-lines that exhibit stable expression of liver fluke cathepsin L2 
and L5 protease. 
3. To validate the knock-down specificity of the shRNAmirs within a mammalian cell-line 
expressing cathepsin L2 and L5. 
218 
 
6.2 MATERIALS AND METHODS 
6.2.1 Cloning of cathepsin L gene sequence into the pcDNA5/FRT expression vector 
Gene sequences of cathepsin L2 and L5 were obtained from the constructs made for the 
experiments in chapter 3. Cathepsin L2 and L5 carried in the yeast expression construct YEpFLAG 
do not possess the restriction sites required to clone into the mammalian expression vector 
pcDNA5/FRT. Therefore, restriction enzyme recognition sites of BamHI and XhoI were 
introduced to the terminal ends of the gene sequence using PCR primers containing the desired 
recognition site sequence.  
 
The PCR primer pair designed to achieve this purpose were Forward_pcDNA: 5’ 
GAATGGGGATCCATGGATTTGTGGCATCAATGGAA and Reverse_pcDNA: 5’ 
ATTATTCTCGAGTCACGGAAATTGTGCCACCATCG, where the restriction enzyme 
recognition sites are underlined. After PCR amplification, the amplicon was subjected to BamHI 
and XhoI restriction enzyme digestion to produce the sticky ends for ligation with the new vector 
pcDNA5/FRT.  
 
The mammalian cell expression vector was obtained as pcDNA5/FRT/eGFP. Likewise, the 
expression vector was digested using restriction enzyme BamHI and XhoI (New England Biolabs, 
Massachusetts, United States). The vector backbone pcDNA5/FRT was purified from the gel. 
Finally, the cathepsin L gene sequences were ligated into pcDNA5/FRT with a 3:1 molar ratio of 
insert to vector. . The ligation products were transformed into E. coli strain DH5-α and the positive 
clones were confirmed by PCR and sequencing using the primer Forward_pcDNA and 
Reverse_pcDNA. 
 
6.2.2 Design of novel shRNAmirs targeting cathepsin L5  
The messenger RNA sequence of F. hepatica cathepsin L5 (accession number AF271385) in 
FASTA format was downloaded from GenBank to design 10 siRNA sequences (21 nt) using the 
algorithm Designer of Small Interfering RNAs (DSIR) 
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(http://biodev.extra.cea.fr/DSIR/DSIR.html). The reverse complement of the “AS sequence” from 
the top 10 ranked siRNAs located was used as the basis to design the 97-mer oligonucleotide 
template using the OligoRetriever algorithm 
(http://katahdin.cshl.org/siRNA/RNAi.cgi?type=shRNA) with settings “shRNA psm2 design” and 
“21mer”. The 21-mer sequence (reverse complement of the AS sequence) obtained from DSIR 
and the GenBank accession number of cathepsin L5, from where the 21-mers were derived, was 
then used to run the algorithm. The shRNAmir obtained was named according to its position in 
the CDS.  
 
Aside from the designed shRNA sequence and the enzyme restriction recognition site XhoI and 
MluI, the other component of the mir-30 portion in between the restriction recognition sites was 
also included for synthesis. The synthesized sequence was inserted into the cloning vector, pMK-
RQ and delivered as 5 μg plasmid in lyophilised form. Five micrograms of the plasmid was 
resuspended in 50 µL of molecular grade water to give a final concentration of 0.1 µg/µL and 
transformed into E. coli strain DH5-α in the media containing 50 µg/mL of kanamycin. 
 
6.2.3 Cloning of miRNA-adapted shRNA sequence into lentivector pGIPZ 
The pGIPZ vector sequence was acquired from the non-silencing control in the trans-lentiviral 
shRNA packaging kit. Both pGIPZ lentivector and shRNA gene sequence in the cloning vector 
were digested by endonuclease XhoI and MluI prior to ligation. The lentivector and shRNA gene 
fragments were recovered and purified from agarose gel slices after electrophoresis.  The gene 
sequence of shRNAmirs was cloned into the pGIPZ vector with a 5:1 molar ratio of insert to vector. 
 
The ligation products were transformed into E. coli strain DH5-α and the positive clones were 
confirmed by comparing their SacII restriction enzyme digestion products to the ones from pGIPZ 
carrying the non-silencing control hairpin sequence. The positive clones were mixed with glycerol 
to a final concentration of 40 % (v/v) and stored at -80 °C. 
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6.2.4 Generation of mammalian cell lines expressing cathepsin L proteases 
The sensitivity of the mammalian cell line Flp-In CV-1 (derived from African green monkey 
kidney) toward hygromycin B was determined before the transfection of the expression vector 
pcDNA5/FRT carrying the target genes. A range of hygromycin B final concentrations (50 µg/mL, 
100 µg/mL, 150 µg/mL and 200 µg/mL) in the media were tested to determine the minimal 
concentration required to kill all untransfected cells after two weeks. The media containing 
selection antibiotic was replenished every 3-4 days.  
 
In each transfection, the pcDNA/FRT expression vector carrying the gene encoding cathepsin L2 
and cathepsin L5 was co-transfected with plasmid pOG44 constantly expressing the Flp 
recombinase at a ratio of 1:9, pcDNA/FRT plasmid to pOG44. This allows the integration of the 
target gene into the Flp site in the genome of the mammalian cell. The mammalian expression 
vector pcDNA5/FRT/eGFP was used as the positive control of transfection. Transfection was 
carried out and positive transfection was selected by incubating the transfected cell line with the 
selection antibiotic hygromycin B at the prior-determined optimal concentration for two weeks. 
The surviving cells after two weeks were frozen and stored. 
 
6.2.5 Analysis of knock-down specificity in mammalian cells 
Each of the Flp-In CV-1 mammalian cell line expressing cathepsin L2 and cathepsin L5 were 
transfected with 2.5 µg of the pGIPZ lentivector carrying the gene encoding shRNAmirs as 
described in Section 2.9.5. For each shRNAmir tested, 2 wells of a 6-well plate bearing the 4 x 105 
cells in 2 mL were used for transfection. After 72 h of transfection, the cells were washed with 
PBS and total RNA was extracted using the ISOLATE II RNA Mini Kit according to the 
manufacturer’s instruction. The RNA concentration was measured, and 8 µg of the RNA was 
subjected to additional genomic DNA digestion using the Turbo DNA-free™ kit.  
 
The concentration and purity of the RNA samples was measured after DNaseI treatment. Before 
being reverse transcribed into cDNA, 50 ng of the RNA was used as a template in a conventional 
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PCR with the reference gene primer set (beta-actin) to ensure all genomic DNA had been removed. 
Then, a consistent amount of RNA (1 µg) from all samples was converted into cDNA using a blend 
of oligo(dT) and random primers. After cDNA synthesis, the presence of the target and reference 
genes was confirmed by PCR using gene specific primers as listed in Table 6.1, and all resulting 
PCR products analysed by agarose gel electrophoresis. 
 
Table 6. 1 List of primer sequence for qPCR analysis of cathepsin L expression. 
Primer name Primer sequence (5’-3’) 
qPCR_CatL2_F1R1 F1: GGTCGATTGTCCCCGTGATT 
R1: TCATCGCCAGAATGCACAGT 
qPCR_CatL2_F2R2 F2: CGCTTTGGATGCGGATTCTG 
R2:GGTTCCTGGCAAACCGAATG 
qPCR_CatL5_F1R1 F1: GAACCATGCTGTGTTGGCTG 
R1: TGATGGTGATGGTGCGGAAA 
qPCR_CatL5_F2R2 F2: CACGATCTCGGTCTCGTCAC 
R2:TAACCGGATTCACGCCAGTC 
qPCR_GFP_F1R1 F1: GTGTAGGTCGTTCGCTCCAA 
R1:AAGAACTCTGTAGCACCGCC 
COS7Beta_actinFR F: CGACAACGGCTCCGGCATGT 
R: CATCACGCCCTGGTGCCTGG 
 
The relative transcription (R) of the gene of interest (GOI) was related to a control sample (Mean 
Ct value of the non-silencing control samples). The short-hairpin sequence of the non-silencing 
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(NS) control consists of a sequence which does not match any known mammalian genes and is not 
a match to the cathepsin L proteases gene, which was determined via nucleotide alignment or 
BLAST analysis. Samples treated with NS short-hairpin are not expected to affect the expression 
of the GOI, and thus it was used as a control to validate the knock-down specificity of cathepsin 
L5-targeting shRNAmirs. 
 
A consistent volume of 3 µL of the cDNA obtained from the cathepsin L5 samples and 12 µL of 
the cDNA obtained from the cathepsin L2 samples were used for measurement in a Rotor-Gene Q 
real-time PCR cycler. SensiFast SYBR No-Rox kit and 0.1 mL strip tubes and caps (Qiagen Pty 
Ltd, Germany) were used to run the qPCR.  
 
The Livak method (ΔΔCt) (Livak et al., 2001) was used to normalise the transcription 
measurements of the GOI in the samples treated with cathepsin L5-targeting shRNAmirs to the 
expression of reference gene (GFP) where: 
 
ΔΔCt= [(Ct value of GOI in control sample)-(Ct value of GOI in treated sample)]-[(Ct value of 
reference gene in control sample)-(Ct value of reference gene in treated sample)] 
After normalisation, the ratio of the GOI expression in the treated sample relative to the control 
sample was calculated as 2 ΔΔCt.  
 
 
 
 
 
 
 
223 
 
6.3 RESULTS 
6.3.1 Design of novel shRNAmirs targeting cathepsin L5 
The coding sequences of all the cathepsin L proteases secreted by juvenile, immature and adult 
parasites were obtained from GenBank and aligned to check the sequence specificity of 
shRNAmirs. The sequences were; cathepsin L1 (accession number: U62288), cathepsin L2 
(accession number: U62289.1), cathepsin L3 (accession number: EU287914.1) and cathepsin L5 
(accession number: AF271385.1). Due to the close similarity between the gene sequences among 
cathepsin L isoforms, the analysis was unable to find a target site with a 100% unique sequence. 
From Figure 6.1, the sequences highlighted in yellow are the sequence of sh42 (Figure 6.1 (a)), 
sequence sh313 (Figure 6.1 (b)), sequence sh420 (Figure6.1(c)) which were chosen from 10 sets 
of shRNA’s designed by DSIR based on the highest sequence specificity at the seed region. In the 
current study, target sites of shRNAmir are all located within the CDS of cathepsin L5 as 
highlighted in Figure 6.2.  
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Figure 6. 1 Alignment of CDS of cathepsin L isoforms. The sequence highlighted in yellow 
represents (a) sh42; (b) sh313; and (c) sh420. There are several unique bases observed within the 
shRNAmirs although the similarity between cathepsin L1, L2, L3 and L5 is quite high.  
 
 
Figure 6. 2 Location of each shRNAmirs target within the CDS of cathepsin L5. Bases 
highlighted in yellow are 5’ and 3’ end untranslated region; purple are sh42; cyan are sh313 and 
green are sh420. ShRNAmir targets are scattered at the upstream of the CDS. 
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6.3.2 Generation of mammalian expression vectors and lentivectors 
The length of the mammalian vector pcDNA5/FRT is 5802 bp after excision of the gene sequence 
eGFP by BamHI and XhoI while the length of the cathepsin L2 and L5 gene sequence cut by the 
same set of restriction enzymes is 950 bp. The cathepsin L gene sequence was obtained from the 
yeast expression vector described in chapter 3 of the current study, which includes sequence codes 
for pro-segment and mature cathepsin. The circular map of pcDNA5/FRT/eGFP can be found in 
Chapter 2 (Figure 2.5). After ligation of the pcDNA5/FRT with the cathepsin L genes, the plasmid 
of 6752 bp in size was transformed into E. coli strain DH5-α.  
 
To screen for the positive clones, PCR amplification of the cathepsin L2 and L5 gene sequences 
from vector pcDNA5/FRT was performed and the PCR products were analysed on 1.5 % agarose 
gels. The gel images are shown in Figure 6.3. All 5 colonies chosen for the cathepsin L2 gene are 
positive transformants, while 4 out of 5 colonies chosen for the cathepsin L5 gene are positive 
transformants.  
 
The integrity of the gene sequence from positive clones 1 and 3 of cathepsin L2 and colonies 2 
and 4 of cathepsin L5 were confirmed by sequencing.  
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Figure 6. 3 Cloning of cathepsin L into the mammalian cell expression vector pcDNA5/FRT.  
Colony PCR results screening for (a): Insertion of the cathepsin L2 gene into pcDNA5/FRT. Lanes 
1 to 5 are the chosen colonies 1 to 5 respectively. All of the chosen colonies are positive 
transformants (b): Insertion of the cathepsin L5 into pcDNA5/FRT. Lanes 1 to 5 are the chosen 
colonies 1 to 5 respectively. All of the chosen colonies are positive transformants except colony 3.  
M, lamda/ Pst1 ladder. The expected amplicon size was 950 bp.  Positive clones from lanes 1 and 
3 of (a) and clones from lanes 2 and 4 of (b) were selected for sequence analysis. 
 
Three shRNAmirs were designed, and named as sh42, sh313 and sh420. To generate a lentivector 
for carrying the shRNAmirs for cathepsin Ls knockdown, each of the synthesised hairpins sh42, 
sh313 and sh420 and the lentivector were cut by XhoI and MluI and then ligated. The length of the 
hairpins was 343 bp while the length of the pGIPZ vector was 11429 bp after digestion by XhoI 
and MluI. The plasmid map of the shRNAmirs within the cloning vector pMR-RQ can be found 
in Appendix 11, while the plasmid map of pGIPZ can be found in Appendix 12. 
 
 Following the transformation of the ligation products into E. coli strain DH5-α, the restriction 
enzyme digestion method was used for screening of the positive transformants to avoid the 
difficulties that might arise from colony PCR amplification of the hairpin sequence. The restriction 
enzyme SacII was used, and the expected band sizes of the fragments were 1333 bp, 2502 bp and 
7937 bp as shown in Figure 6.4. All positive clones from the restriction enzyme analysis were 
further analysed by sequencing to confirm the sequence. The sequencing results show that the 
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hairpins of sh313 and sh420 were successfully inserted into the lentivector pGIPZ. Unfortunately, 
the sequencing of hairpin sh42 was unsuccessful, as the signal stopped just before the hairpin starts. 
Although the sequencing protocol for difficult templates was employed, sequencing attempts were 
conducted on a total of 19 positive clones with no success. The sequencing data can be found at 
Appendix 13. Despite the lack of complete sequence data, the assumption was made that the 
unsuccessful sequencing was due to the hairpin structure, rather than a truncated construct, and so 
the construct was used for the subsequent experiments. 
 
 
Figure 6. 4 Cloning of shRNAmirs into lentivector pGIPZ.  SacII restriction enzyme digestion 
screening for lanes 1 to 4: Insertion of sh42 into pGIPZ, lanes 5 to 7: Insertion of sh313 into pGIPZ 
and lane 8 to 11: Insertion of sh420 into pGIPZ. The smallest fragment cut by SacII in clone 3 is 
shorter than 1333 bp when compared to the positive control. M=1 kb ladder, C= Positive control 
(non-silencing shRNA control, obtained from Trans-Lentiviral Packaging kit). Expected band 
sizes were 1333 bp, 2502 bp and 7937 bp. All clones show positive ligation except clone 3 of 
sh313 (lane 7), and positive clones were selected for sequencing analysis. 
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6.3.3 Generation of mammalian cell lines expressing cathepsin L proteases 
The mammalian cell line Flp-In CV1 which was derived from African green monkey kidney and 
modified to possess a single Flp Recombination Target (FRT) site in the genome was used. 
Expression vector pcDNA/FRT, containing the cathepsin L gene and a FRT site, was co-
transfected with a plasmid constitutively expressing the Flp recombinase, pOG44 under the control 
of the viral CMV promoter. Flp recombinase is responsible for triggering the recombination event 
between the FRT site of the expression vector and the FRT site in the genome of the mammalian 
cell.  
 
The recombination event resulted in the whole expression vector being incorporated into the 
genome of the mammalian cell. Expression of the zeocin resistance gene was disrupted following 
the recombination as the hygromycin B resistance gene from the expression vector was replaced. 
Hence, positive cells with the inserted cathepsin L gene were able to be selected via hygromycin 
B. The sensitivity of the cell line Flp-In CV1 towards hygromycin B was determined to be 150 
µg/mL, as this was the minimal concentration of hygromycin B that killed all untransfected cells 
after a 2 week incubation.  
 
Therefore, 150 µg/mL of hygromycin B was used to select the cells that underwent the 
recombination event after transfection for two weeks. The expression vector pcDNA5/FRT/eGFP 
was used as a positive control for transfection, and strong fluorescence was detected as shown in 
Figure 6.5 which indicates a successful transfection.  
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Figure 6. 5 The GFP gene was used as a positive control for transfection. A strong GFP signal 
was observed by A1 confocal microscopy two days after the transfection procedure (40 x 
magnification). 
 
Cathepsin L is expressed in the inactive form with the pro-region embedded within the active site 
pocket. The gene is expressed without a secretory signal however, which means the translated 
inactive cathepsin L protease will accumulate within the cells. To investigate if toxicity might arise 
from the accumulation of cathepsin L, the transfected cells were maintained under induction 
conditions in the media containing 150 µg/mL of hygromycin B for another two weeks, to 
determine whether accumulation might cause adverse effects. The viability and morphology of the 
cell line remained normal even after two weeks however, and cell lines expressing cathepsin L2 
and L5 were used for shRNAmirs validation as described below.  
 
6.3.4 Transfection of shRNAmirs into cathepsin L protease expressing cells 
To validate the knock-down specificity of each developed shRNA, the mammalian cell line Flp-
In CV1 expressing cathepsin L2 and L5 was transfected with the plasmid pGIPZ carrying the gene 
encoding shRNAmirs. Prior to total RNA extraction, shRNAmir transfected cell lines were 
observed under the A1R confocal microscope for GFP expression, as co-expression of the shRNA 
gene with GFP indicates that the transfection was successful. 
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Transfection efficiency observed from the co-expressed GFP of sh42 was very low as shown in 
Figure 6.6 (a) for cathepsin L2 and Figure 6.7 (a) for cathepsin L5 expressing cell lines. On the 
other hand, transfection of sh313, sh420 and the non-silencing control performed well under the 
same conditions as shown from the observation of GFP expression in both cathepsin L2 (Figure 
6.6 (b), (c), (d)) and L5 (Figure 6.7 (b), (c), (d)) expressing cell lines. Three attempts were made 
to improve the transfection efficiency, including repeating the preparation of the plasmid from a 
different clone, variation of the ratio of transfection reagent (µL) from 1:4 to 1:0.5 and 1:2, and 
increasing the incubation time for the transfection reagent and DNA mixture from 5 min to 20 min. 
Unfortunately, the transfection efficiency did not improve beyond 10%-20% in any of the attempts. 
 
 
     
231 
 
 
Figure 6. 6 Transfection of shRNAmirs into Flp-In CV-1 cell line expressing cathepsin L2.  
(a) sh 42, (b) sh 313, (c) sh420 and (d) non-silencing shRNA at 10 x magnification. All cells 
showed more than 80 % of transfection efficiency except the one transfected with sh42. 
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Figure 6. 7 Transfection of shRNAmirs into Flp-In CV-1 cell line expressing cathepsin L5. 
(a) sh 42, (b) sh 313, (c) sh420 and (d) non-silencing shRNA at 10 x magnification. All cells 
showed more than 80 % of transfection efficiency except the one transfected with sh42. 
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6.3.5 RNA isolation and sample preparation for quantitative PCR 
Specific PCR primer sets for the target and reference gene were used to perform conventional PCR 
to confirm that the optimal PCR annealing for each gene was as calculated by Primer-BLAST. 
From the PCR results, qPCR_CatL2F1R1, qPCR_CatL5R2R2 and qPCR_GFPF1R1 primer sets 
were chosen for the subsequent PCR and qPCR analysis based on the specificity and intensity of 
the band produced.   
 
Gene knock-down is often assessed by quantitative PCR (qPCR), which can be achieved 
accurately only by data normalization using appropriate reference genes. The GFP gene located 
within the lentivector co-expressed with the short-hairpins after transfection was used as a 
reference gene to normalise for differences in transfection efficiency between experiments.  
 
Total RNA, DNaseI-treated total RNA and cDNA of cathepsin L2 and L5 cell lines were used as 
templates for PCR to amplify beta-actin, a common mammalian housekeeping gene. This step is 
essential to confirm that the genomic DNA is eliminated as much as possible, there are no introns 
in the beta-actin gene and that the cDNA is intact prior to qPCR analysis. From Figure 6.8, gel 
agarose electrophoresis analysis of the PCR samples shows that genomic DNA has been removed 
from the DNaseI-treated RNA sample, as no amplicon was observed from the PCR products in 
lane 2 or lane 4. In addition, cDNAs obtained from the reverse transcription reaction were shown 
to be intact, as samples were able to be amplified by PCR as shown in Figure 6.9. The GFP gene 
was also successfully amplified from the RNA samples isolated from lentivector transfected cells 
as shown in Figure 6.10. 
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Figure 6. 8 PCR amplification of housekeeping gene, beta-actin at 60 °C annealing 
temperature from the RNA samples of before and after DNA digestion. Lane 1: Total RNA 
of cathepsin L2 expressing cells, lane 2: DNaseI-treated RNA of cathepsin L2 expressing cells, 
lane 3: Total RNA of cathepsin L5 expressing cells, lane 4: DNaseI-treated RNA of cathepsin L5 
expressing cells, lane 5: positive control (cDNA as template), lane 6: negative control (no 
template), lane M: Hyper ladder I. No amplification products observed in lane 2 and lane 4 
indicates genomic DNA was removed from the samples. 
                         
Figure 6. 9 PCR amplification using cDNA obtained from RNA of cathepsin Ls expressing 
cells as template. Lane 1: amplifcation of cathepsin L2 cDNA using qPCR_CatL2_F1R1 (sized 
198 bp), lane 2: amplification of cathepsin L5 cDNA using  qPCR_CatL5_F2R2 (sized 185 bp) at 
annealing temperature, 50 °C, lane M= 100 bp ladder. Positive amplification of cathepsin L2 and 
L5 by PCR from cDNA indicates the cDNA are intact.  
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Figure 6. 10 PCR amplifcation of GFP gene (sized 185 bp) at annealing temperature 55 °C 
from 50 ng of total RNA isolated. GFP gene is co-expressed with the shRNAmirs within the 
lentivector; lane 1: sh313-treated cathepsin L2 expressing cells, lane 2: sh420-treated cathepsin L2 
expressing cells, lane 3: sh313-treated cathepsin L5 expressing cells, lane 4: sh420-treated 
cathepsin L5 expressing cells, lane 5: non-silencing shRNAmir treated cathepsin L5 expressing 
cells, Lane M: 100 bp ladder. The positive PCR amplification of  the GFP gene indicates that the  
primer designed for GFP  was functioning well. 
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6.3.6 Relative quantitation the knock-down specificity of shRNAmirs 
To elucidate the function of cathepsin L5 within adult parasites, the designed shRNAmirs must be 
able to specifically knock-down cathepsin L5 expression without affecting expression of the other 
isoforms. Two mammalian cell lines expressing cathepsin L2 and L5 generated from Flp-In CV1 
were used to test the specificity of the shRNAmirs created to knock-down cathepsin L5 expression. 
Ideally, expression of cathepsin L2 should not be affected by shRNAmirs treatment. Fold changes 
in the expression of cathepsin L2 and L5 in stable cell lines treated with sh 313 and sh420 relative 
to treated with non-silencing shRNA are shown in Table 6.2.  
 
Table 6. 2 Fold changes in expression of cathepsin L1 and L2 treated by shRNAs in relative to 
those treated with non-silencing shRNA. 
Sample Fold change reduction relative to non-silencing control 
L2 sh313 Expression of L2 not detected 
L2 sh420 140 
L5 sh313 1418 
L5 sh420 1.24 
 
After normalising the transfection efficiency difference across experiments with GFP expression, 
sh313 was shown to decrease the expression of cathepsin L5 by 1400-fold. Treatment with sh420 
resulted in a 140-fold reduction of cathepsin L2 expression, while it resulted in insignificant 
changes in cathepsin L5 expression (~1.2-fold). Treatment with the cathepsin L5-specific shRNA 
sh313 in the cell line expressing cathepsin L2 resulted in drastic knock-down of cathepsin L2 
expression with undetectable cathepsin L2 gene amplification, demonstrating that sh313 is not 
specific for cathepsin L5.  
 
The cathepsin L5 gene in the cells treated with sh420 has a similar expression level as in the cells 
treated with non-silencing shRNAmir, indicating that it did not knock-down expression of 
cathepsin L5. The knock-down of cathepsin L2 expression by both sh313 and sh420 reveals that 
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the shRNAs were not specific for cathepsin L5, and this may be a result of the high degree of 
similarity between the CDS of cathepsin L2 and L5. 
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6.4 DISCUSSION AND CONCLUSION 
The aim of this study was to develop cathepsin L5 specific shRNA constructs using the shRNAmir 
approach and to test them in mammalian cell lines that constitutively express cathepsin L2 and L5. 
 
shRNAmir is a synthetic shRNA embedded into an endogenous microRNA context and such 
structures have multiple advantages over simple stem-loop shRNAs.  Replacement of the synthetic 
shRNA stem into the context of endogenous miRNAs such as miR30 and miR155can reduce the 
toxicity in the host, as it serves as a natural substrate in the miRNA biogenesis pathways. Studies 
also show that Dicer is imprecise in processing commonly used stem-loop designs which leads to 
off-target effects (Gu et al., 2012). Therefore, in the present study human microRNA-30 (miR30) 
primary transcripts were adapted as the basis to design miRNA-adapted short hairpin RNAs 
(shRNAmirs) targeting the mRNA of cathepsin L5 protease. 
 
Due to unique sequences (Matoulkova et al., 2012), the 3’UTR was previously assumed to be a 
more suitable target site compared to the 5’UTR and CDS to specifically knock-down cathepsin 
L5. In the current study, only one of the DSIR-designed shRNAmirs was located within the 3’UTR 
region, however it has a 100 % match to the 3’ UTR sequence of cathepsin L3 (Figure 6.11). 
 
The 3’UTR sequences of cathepsin L proteases (ranging from 57-75 nucleotides long) secreted by 
Fasciola at the stage of inhabiting  the definitive host (cathepsin L1, cathepsin L2, cathepsin L3 
and cathepsin L5) were aligned and analysed to further investigate the reasons why shRNAmirs 
design  in this region showed non-specific targeting ( Figure 6.12 ). It is noteworthy that the lengths 
of the 3’UTR of cathepsin L mRNA’s are relatively short compared to other organisms, as the 
average length of  the 3’UTRs range from about 200 nucleotides in plants and fungi to 800 
nucleotides in humans and other vertebrates (Pesole et al., 2001). The length of the cathepsin L5 
3’UTR is 64 nucleotides.  Thus, this shorter sequence of 3’UTR in cathepsin L mRNA results in 
fewer non-conserved regions for specific RNAi targeting. 
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From Figure 6.11, the 3’UTR regions of cathepsin L3 and L5 are identical except that there is a 5 
nucleotide deletion before the poly(A) tail in cathepsin L5. The limited nucleotide variants at 
3’UTR of cathepsin L1, L2 and L5 are scattered, hence no consecutive unique nucleotides can be 
manipulated as target site for cathepsin L5 knock-down. This analysis showed that the 3’UTR 
sequences of cathepsin Ls are highly conserved among isoforms, which can be explained by the 
fact that these multigene family members emerged from gene duplication events (Irving et al., 
2003). 
 
 
Figure 6. 11 Alignment of 3’UTR sequences of cathepsin L1, L2, L3 and L5. The sequences 
highlighted in yellow indicates the location of shRNAmir designed by DSIR within the 3’UTR 
region. Generally, sequence similarities are high among the 3’UTR regions of cathepsin L 
proteases, especially between L3 and L5. 
 
The unsuccessful sequencing of pGIPZsh42 clones, and the persistent low transfection efficiency 
(10-20%) in different attempts, indicate the plasmid was not constructed correctly. One approach 
to resolve this in the future would be to re-construct the plasmid from the ligation steps, rather than 
screening on different clones from a single transformation. 
 
Although the nucleotide sequence similarity between cathepsin L isoforms is high, at more than 
70%, the sh313 and sh420 targeted CDS regions have > 40% of unique sequences. DNA sequence 
alignment of cathepsin L2 and L5 is shown in Figure 6.12. Despite the fact that the shRNAmirs 
designed in this study targeted regions unique to cathepsin L5, data from the qPCR results show 
that knock-down was not specific. The expression of each cathepsin L isoform in F. hepatica is 
highly regulated and specific at different stages of the life cycle (Robinson et al., 2009b, Young et 
al., 2010) although the regulation pathway is unknown. Further details of the regulatory pathway 
of cathepsin L5 expression within F. hepatica are required to design a more specific gene 
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perturbation approach to study the function of this multigene family member that lacks a unique 
sequence for targeting.  
 
Figure 6. 12 DNA sequence alignment of cathepsin L2 and L5. The query is cathepsin L5 
sequence and the subject is cathepsin L2 sequence. The sequence alignment shows that identity of 
cathepsin L2 and L5 is 87 %.  
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In conclusion, short-hairpin RNAs targeting 3 different locations of the CDS of cathepsin L5 (42, 
313 and 420) were synthesised and cloned into lentivector pGIPZ. Sh313 and sh420 were 
successfully transfected into a mammalian cell-line expressing cathepsin L2 and L5 to assess the 
knock-down specificity. Attempts to analyse the Sh42 clone sequence by sequencing was 
unsuccessful, and this clone was also unable to reach the transfection efficiency required for 
assessment of its influence on cathepsin L protease expression. This problem may be due to errors 
at the hairpin expression vector construction which could be resolved in future by re-ligation of 
the hairpin (sh42) into pGIPZ. 
 
The second objective of the study was achieved. The mammalian cell-line Flp-In CV1 was 
engineered to reliably express cathepsin L2 and cathepsin L5. The cell lines expressing cathepsin 
L2 and L5 were used to test the specificity of the sh313 and sh420 constructs in vitro. Using qPCR 
analysis, it was demonstrated that sh313 knocked-down both cathepsin L2 and L5 expression.  On 
the other hand, sh420 which was designed to target cathepsin L5 did not knock-down cathepsin 
L5, but did knock-down cathepsin L2 with a 140-fold decrease compared to the control (NS short-
hairpin). In conclusion, the sh420 created in the current study has the potential to knock-down 
cathepsin L2 specifically. However, shRNAmirs knock-down are not assessed for all the cathepsin 
L isoforms secreted by adult flukes (cathepsins L1, L2 and L5) in the current study. Hence, test 
should be performed on cathepsin L1 expressing cells to ensure sh420 is specific to knock-down 
cathepsin L2 in adult F. hepatica. The future recommendations and application of this vector are 
discussed in Chapter 7. 
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Chapter 7  
General discussion and conclusions 
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7.1 INTRODUCTION  
Fasciolosis is a parasitic disease caused by a trematode which affects domestic ruminants such as 
cattle, sheep and buffalo. Reduction of meat and milk production in the infected ruminants cause 
big monetary losses in agriculture sector worldwide (Mazeri et al., 2017). In temperate country 
such as Australia, fasciolosis is caused by F. hepatica while it is F. gigantica in tropical country. 
Human is susceptible to Fasciola if ingested metacercaria contaminated vegetables (WHO, 2016). 
In Australia and many other countries, triclabendazole is the drug of choice used to control 
fasciolosis in the farm and the only drug recommended by WHO against human fasciolosis (WHO, 
2016). Unfortunately, triclabendazole resistant Fasciola has emerged and reported in the farm of 
many countries (Brennan et al., 2007, Brockwell et al., 2014, Gordon et al., 2012, Olaechea et al., 
2011, Ortiz et al., 2013) hence development of new drugs and vaccines against fasciolosis are 
urgent.  
 
Fasciola secreted a wide range of excretory/secretory materials into the host-parasite interface to 
aid its survival within the host includes invasion, feeding and evasion from the host immune 
responses (Robinson et al., 2009b, Robinson et al., 2008b). Cathepsin L proteases are the major 
secreted proteases in the later stages of life cycle (immature and adults) of Fasciola, including 
cathepsin L1, L2, L3 and L5. Although substrates sharing are common among isoforms of 
cathepsin L, specific natural substrates of cathepsin L1, L2 and L3 are well studied (McGonigle et 
al., 2008, Stack et al., 2008). While cathepsin L1, L2 and L3 are involved in feeding and migration 
(McGonigle et al., 2008, Stack et al., 2008),  cathepsin L5 protease that only secreted in  small 
amount (Robinson et al., 2009b) when parasites reside in the liver and bile ducts of the host is 
believed to be involved in host immunomodulation. Hence, it is clear that identification of the 
natural substrates of cathepsin L5 is essential to understand how Fasciola evade the host immune 
responses and knowing the determinants of its substrate preference is crucial for drug design to 
stimulate effective host immune response towards infection that resulted in parasite eradication.   
 
The objectives of the studies in this thesis were to: (1) demonstrate whether cathepsin L5 (and not 
cathepsin L1 or L2) may be the specific enzyme to digest HDM in vitro, (2) investigate the 
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influence of a glycine 163 to the acceptance of an Asp at position P2 of cathepsin L1 and L5, (3) 
identify other determinants of P2 Asp preference of cathepsin L5, (4) identify the representative 
conformation of cathepsin L, (5) investigate interaction between cathepsin L and peptide ligand 
RDR, and finally to (6) develop and validate short-hairpin RNAs targeting cathepsin L5 for gene 
knock-down study in the future.  
 
These objectives were achieved in Chapter 3-6, where for the first time it is shown that: (1) 
cathepsin L5 is probably the specific protease to digest HDM at pH 4.5, (2) a glycine at 163 is 
required for the acceptance of an Asp at position P2 of cathepsin L5 but it is not the only 
determinant, (3) a change of a glycine to alanine did not impose significant impacts to the active 
site conformation of cathepsin L5, (4) unique and diverse side chain arrangements of N161 in 
cathepsin L5 may contribute to its P2 Asp preference, (5) residue E94, D137, E139 and D158 of 
cathepsin L5 are associated with G163 to interact with ligand RDR,(6) shRNAmirs targeting F. 
hepatica proteases carrying by lentivector were developed. This discussion will highlight and 
discuss the key achievements, and make recommendations for future directions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
245 
 
7.2 DISCUSSION 
7.2.1 Involvement of cathepsin L5 protease involved in host immune modulation 
7.2.1.1 F. hepatica cathepsin L5 activates HDM  
The current study provides evidence for the first time that F. hepatica cathepsin L5 processes 
HDM more efficiently compared to other isoforms (cathepsin L1 and L2) in an acidic environment 
but not at physiological pH. This outcome supports the hypothesis that cathepsin L5 which is 
secreted in a small amount at the later stage of F. hepatica’s life cycle (immature and adult stage) 
is involved in host immune modulation. Other workers have reported that HDM is able to promote 
a Th2-mediated proinflammatory immune response (Alvarado et al., 2017, Robinson et al., 2012, 
Robinson et al., 2011b). However, the ligands of HDM activated by cathepsin L5 in the gut lumen 
of F. hepatica and before being secreted into the host-parasite interface are yet to be discovered. 
Potential ligands of HDM that have been identified so far are either irrelevant for the later stages 
of infection, or are intracellular where HDM is activated by intracellular proteases as discussed 
below.  
 
Full-length and C-terminal of HDM have been isolated from adult parasites (Cwiklinski et al., 
2015, Robinson et al., 2011b) and both have been demonstrated able to directly bind to bacterial 
LPS in a concentration-dependent manner, prevent its interaction with LBP and the surface of 
macrophage for antigen recognition (Robinson et al., 2011b). The host encounters LPS antigen 
from gram negative bacteria that are released when newly excysted juvenile flukes penetrate the 
intestine during migration to the liver. At this stage, HDM might be activated by other proteases 
as cathepsin L5 is not secreted at this stage or it might go through a different immune responses 
modulation pathway that is yet to be discovered.  
 
 Another host immune modulation pathway involves internalization of HDM by macrophages into 
endolysosomal vesicles, and cleavage by lysosomal cathepsin L proteases to release its C-terminal 
fragment which inhibits lysosomal v-ATPase (Robinson et al., 2012). Subsequently, inactive v-
ATPase prevents lysosomal acidification and consequentially the inactivation of cathepsin B. As 
a result, inactive cathepsin B is unable to activate the NLRP3 inflammasome required for the 
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production of IL-1β to establish a Th1-mediated proinflammatory immune environment (Alvarado 
et al., 2017). The prevention of lysosomal acidification also impedes the antigen processing by 
macrophages, thus preventing presentation to CD4+ T cells in conjunction with MHC class II 
(Robinson et al., 2012). The implications of the specificity of F. hepatica cathepsin L5 cleaving 
HDM is that the parasite “tune” the host immune response allowing adult F. hepatica to evade 
eradication and promote chronic infection. In this pathway, cathepsin L5 secreted by F. hepatica 
is not required for HDM activation as HDM is activated by the host’s cathepsin L within the 
lysosome of macrophages. The ligands of HDM activated by parasite cathepsin L5 remain to be 
discovered. 
 
On the other hand, the work of Robinson and colleagues (Robinson et al., 2011b) revealed that 
HDM is processed by cathepsin L1 after residues EKARDR↓. In the current study, HDM 
fragements digested by cathepsin L5 were not analysed by mass spectrophotometry. According to 
the molecular weight prediction based on the amino acid sequence of the recombinant HDM, 
cleavage after residues EKARDR↓ produces fragments with size 6.4 kDan and 5.0 kDa. The 
smallest HDM fragment digested by cathepsin L5 observed in SDS-PAGE gel was 9 kDa 
suggesting that the cleavage site of cathepsin L5 may be different than cathepsin L1. In addition, 
after 3 h of digestion the HDM fragment sized 9 kDa was the only band faintly visible on the SDS-
PAGE gel, suggesting that HDM may have been further digested into smaller fragments which 
were not visible on the gel. Mass spectrometry analysis of HDM fragments is recommended for 
the future study on HDM digestion by cathepsin L5. 
 
7.2.1.2 Future directions for investigation of cathepsin L5 function in Fasciola spp. 
Gene perturbation technologies in parasites would enable the investigation of the involvement of 
cathepsin L5 in host immune response modulation in vivo. The development of knock-down 
constructs poses many technical challenges however and high DNA sequence similarity among 
the cathepsin L isoforms makes specific gene perturbation difficult. This is because all specific 
gene knock-down approaches require ~20 specific nucleotides as a target.  
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The RNAi targeting cathepsin L5 by employing miRNA-adapted shRNA (shRNAmir) carried in 
a lentiviral vector were developed in this study because this approach has strong potential for 
specific knock-down of cathepsin L5 and induce permanent knock-down effect in comparison to 
the siRNA and long interfering RNA delivered by soaking and electroporation approaches in that 
had been previously attempted (McGonigle et al., 2008, McVeigh et al., 2014, Dell'Oca et al., 
2014). Lentiviral vectors can be packaged into virus particles to deliver the shRNAmir into 
parasite’s tissue and incorporated into the parasites genome via transduction to induce stable 
knock-down.  
 
For the shRNA approach to permit the study of the function of Fasciola hepatica cathepsin Ls in 
vivo, specific and effective knock-down of all and only F. hepatica cathepsin Ls gene must be 
achieved so that host expression of cathepsin Ls from the hosts would not be affected. In the current 
study, sh420 the shRNAmir initially designed to knock-down cathepsin L5, unexpectedly were 
found to more specifically target cathepsin L2 instead and reduced cathepsin L2 expression by up 
to 140-fold relative to that of the non-silencing control short-hairpin. Hence, sh420 would be a 
suitable choice to study the gene function of cathepsin L2 protease but not cathepsin L5. In addition, 
the specificity of sh420 to F. hepatica cathepsin L2 needs to be confirmed for in vivo studies and 
alternative design strategies need to be investigated to develop more specific shRNAs targeting 
cathepsin L5.  
 
Due to the high DNA sequence similarity among cathepsin L isoforms, an understanding of the 
regulation pathway of cathepsin L expression within the parasite is required to design a more 
specific and effective gene perturbation approach. In addition, a wider panel of shRNAmirs 
targeting different regions of the cathepsin L5 CDS should be screened for knock-down specificity. 
In addition, more advanced gene perturbation technology with higher gene perturbation efficiency 
such as clustered regularly interspaced short palindromic repeats, CRISPR-Cas9 genome editing 
technology should be considered. CRISPR-Cas9-mediated gene disruptions delivered by 
pseudotyped retrovirus (such as pGIPZ lentiviral vector used in the current studies) may represent 
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an alternative approach for generating permanent transgenic F. hepatica as discussed by Cai and 
colleagues for schitosomes (a trematode) (Cai et al., 2016). 
 
Furthermore, CRISPR-Cas9/Cpf1-mediated gene disruptions have been applied in protozoan 
parasites such as Plasmodium (Lee et al., 2014), Leishmania (Sollelis et al., 2015) and 
Crytosporidium (Vinayak et al., 2015). For helminths, this approach has been applied in the 
human-parasitic threadworm Strongyloides stercoralis (a nematode) and heritable mutant 
phenotypes were successfully characterized (Gang et al., 2017).  
 
7.2.3 Determinants of P2 Asp preference of cathepsin L5 
In the present study, P2 Asp preference was compared among wild-type and mutant of cathepsin 
Ls by enzyme kinetics studies. The results show that cleavage of the fluorogenic peptide DR was 
only detectable for wild-type cathepsin L5, all others are below detection threshold. In addition, 
cathepsin L5 showed the best HDM digestion compared to all others. Hence, both the enzyme 
kinetic assays and HDM digestion analysis from the present study match the findings of the 
previous study where cathepsin L5 has a moderate P2 Asp preference (Norbury et al., 2012) while 
cathepsin L1 and L2 have very low P2 Asp preference (Stack et al., 2008).  
 
Understanding the specific substrate determinants that control the enzymatic specificity of 
cathepsin L5 will permit development of targeted inhibitors. Molecular dynamics simulation 
allows the prediction and comparison of the conformations exhibited by different apo-cathepsin L 
isoforms and permit an explanation of the substrate preference and specificity. Furthermore, 
comparison between RDR-bound cathepsin L1 and L5 has revealed the residues of cathepsin 
involved in interaction with the RDR ligand.  
 
7.2.3.1 Representative conformations and side-chain rearrangements of active site residues  
The results of the molecular dynamic simulation analysis suggests that cathepsin L5 has the 
strongest binding affinity to ligand RDR, followed by the cathepsin L5 mutant, cathepsin L1 and 
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cathepsin L1 mutant, which agreed with the results of HDM digestion analysis in Chapter 3. 
Further analysis of the residues in the vicinity of the active site (25, 63,137, 139, 158, 159, 162, 
163) shown to be involved in interaction with ligand RDR reveal that these residues interchange 
between multiple versions of the side-chain arrangements throughout the simulation. The most 
drastic changes in the side-chain arrangements were shown by C25, E139, L158, R159 of cathepsin 
L1 and C25, Y63, D158, R159 of cathepsin L5. 
 
Identification of representative conformations the whole apo-enzyme revealed that cathepsin L1 
and L5 underwent transition between at least 5 conformations throughout the simulation. Analysis 
of the residues in the active site of these representative conformations revealed that only the –S-
CH3- side-chain of Met70 from cathepsin L5 pointed towards the carboxyl chain of aspartic acid 
from the ligand implying this unique orientation may be crucial for the S2 active site of cathepsin 
L5 to exhibit a conformation that preferred the accommodation of an Asp. Furthermore, N161 of 
cathepsin L5 displayed very diverse sidechain arrangements unique compared to N161 of 
cathepsin L1. 
 
7.2.3.2 A glycine at 163 is not the only determinant of Asp P2 preference of cathepsin L5 
The models of the cathepsin L1 and L5 mutant with a single amino acid reciprocal alteration at 
position 163 were constructed. By using simulation data, structural and dynamics comparison 
between the RDR-bound wild-type and mutant revealed the residues that linked to G163 and might 
be involved in P2 Asp preference. 
 
The findings suggest for the first time that residues E94, D137, E139 and D158 of cathepsin L5 
associate with glycine at position 163 to impose a strong interaction with the ligand RDR. Among 
these residues, 137, 139 and 158 are located within the vicinity of active site and residue 158 of 
cathepsin L5 is different than the one in cathepsin L1. On the other hand, Y63 and D158 of 
cathepsin L5 are required for other residues (25, 137 and 139) in the vicinity of enzyme active site 
to exhibit a strong interaction with ligand RDR (D accommodates P2); residue 25, 137 and 139 of 
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cathepsin L1 with a N63 and L158 did not exhibit similar interaction with ligand RDR . These 
findings imply that Tyr63, Asp158 and Gly163 of cathepsin L5 may be associated in determining 
P2 Asp preference. Residue 158 has been reported to be crucial in defining the substrate preference 
of cathepsin L (Stack et al., 2008) while involvement of residue 63 in the substrate preference of 
cathepsin L3 has also been assessed (Corvo et al., 2013).  
 
In cathepsin L3, double mutant cathepsin L3 H63N/W69L (changed to those present in cathepsin 
L1) presented S2 and S3 substrate preference profiles similar to the single W69L change with a 
marked reduction in the preference for proline at P2 while single H63N showed only a subtle 
change in enzyme specificity (Corvo et al., 2013). It may be inferred from this finding that residue 
H63 is not a substrate determinant in cathepsin L3. Hence, the involvement of residue Y63 in 
substrate preference of cathepsin L5 is intriguing.  
 
7.2.3.3 Future directions for investigation of substrate preference of cathepsin L5 
Findings from the molecular dynamics simulation studies on cathepsin Ls are consistent with the 
results of the HDM (with an P2 Asp) digestion analysis in Chapter 3 where cathepsin L5 had the 
strongest binding affinity towards ligand RDR compared to other cathepsin L isoforms. A glycine 
at 163 is required for the acceptance of an Asp at position P2 of cathepsin L5 but it is not the only 
determinant. Furthermore, this study has identified a set of residues that may be involved in 
determining the P2 Asp preference of cathepsin L5.  
 
Overall, molecular dynamics simulation of cathepsin Ls performed in this study provides prime 
information on possible target sites in these important enzymes that is required for drug/inhibitor 
design to fight against fasciolosis. Future work should be aimed at confirming that Tyr63, Asp158 
and Gly163 are associated determinants of P2 Asp preference of cathepsin L5, comparison of RDR 
digestion between wild-type cathepsin L1, L5 and their mutant with reciprocal mutation at residue 
these location are recommended.  
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7.3 CONCLUSIONS AND FUTURE DIRECTIONS 
The work undertaken in this study demonstrates that cathepsin L5 (not other isoforms) is probably 
the specific enzyme to activate HDM in an acidic environment. This finding implies that F. 
hepatica cathepsin L5 is involved in host immunomodulation by activating HDM, presumably at 
the acidic gut lumen of the parasites before releasing the activated products into the parasite-host 
interface. Further work to develop a tool able to specifically disrupt the expression of cathepsin 
L5 in F. hepatica is required before the role of the cathepsin L5 in cleaving HDM and other 
substrates that may be involved in host immunomodulation can be studied in vivo. Molecular 
dynamics simulation in this study has identified a set of residues involved in P2 Asp preference of 
cathepsin L5 although further work to create the mutants with amino acid alteration at these 
residues for cleavage activity assessment is required to confirm the involvement. With the 
understanding of the natural substrates of cathepsin L5 and the determinants of its substrate 
preference, will make it possible to take a pragmatic approach to design of drugs/inhibitors to 
contribute to the fight against fasciolosis. 
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Appendix 1 
 
>L1VC1forward_E07 
AGGATGACGATGACAAGGAATTCCTCGAGGATTTGTGGCATCAATGGAAACGAATGTACAACAA
AGAATACAATGGGGCTGACGATCAGCACAGACGAAATATTTGGGAAAAGAATGTGAAACATATT
CAAGAACATAACCTACGTCACGATCTCGGCCTCGTCACCTACACATTGGGATTGAACCAATTCA
CGGATATGACATTCGAGGAATTCAAGGCCAAATATCTAACAGAAATGTCACGCGCGTCCGATAT
ACTCTCACACGGTGTCCCGTATGAGGCGAACAATCGTGCCGTACCCGACAAAATTGACTGGCGT
GAATCTGGTTATGTGACGGAGGTGAAAGATCAGGGAAACTGTGGCTCCTGTTGGGCATTCTCAA
CAACCGGTACTATGGAGGGACAGTATATGAAAAACGAAAGAACTAGTATTTCATTCTCTGAGCA
ACAACTGGTCGATTGTAGCCGTCCTTGGGGAAATAATGGTTGCGGTGGTGGATTGATGGAAAAT
GCTTACCAATATTTGAAACAATTTGGATTGGAAACCGAATCCTCTTATCCGTACACGGCTGTGG
AAGGTCAGTGTCGATACAATAAGCAGTTAGGAGTTGCCAAAGTGACTGGCTTCTATACTGTGCA
TTCTGGCAGTGAGGTAGAATTGAAAAATCTAGTCGGTGCCGAAGGACCTGCCGCGGTCGCTGTG
GATGTGGAATCTGACTTTATGATGTACAGGAGTGGTATTTATCAGAGCCAAACTTGTTCACCGC
TTCGTGTGAACCATGGTGTCTTGGCTGTCGGTTATGGAACACAGGGTGGTATTTATCAGAGCCA
AACTTGTTCACCGCTTCGTGTGAACCATGCAGTCTTGGCTGTCGGTTATGGAACACAGGGTGGT
ACTGACTATTGGATTGTGAAAAATAGTTGGGGATTGTCGTGGGGTGAGCGCGGTTACATTCGAA
TGGTTAGGAACCGAGGTAACATGTGTGGAATTGCTTCGCTGGCCAGTCTCCCGATGGTGGCACG
ATTTCCGCACCATCACCATCACCATTGAGCGGCCGCTGATCCGTCGAGCGTCCCAAAACCTTCT
CAAGCAAGGTTTTCAGTATAATGTTACATGCGTACACGCGTCTGTACAGAAA 
AAAAAAAAAATTTGAAATATAAATAACGTTC 
 
GGT codes for glycine 
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Appendix 2 
 
Graph of enzyme active site titration of cathepsin L2 against inhibitor E-64. 
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Graph of enzyme active site titration of cathepsin L5 against inhibitor E-64. 
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Graph of enzyme active site titration of cathepsin L1 A163G against inhibitor E-64. 
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Graph of enzyme active site titration of cathepsin L5G163A against inhibitor E-64. 
 
  
y = -1365.6x + 7650.6
R² = 0.9645
-8000
-6000
-4000
-2000
0
2000
4000
6000
8000
10000
0 10 20 30 40 50 60 70
Fl
u
o
re
sc
en
ce
 in
te
n
si
ty
[E-64], nM
Titration of cathepsin L5V
[E-64] FI Linear ([E-64])
281 
 
Appendix 3 
 
pH4.5 
Cathepsin L1, pH4.5    Cathepsin L2, pH4.5 
              
Enzyme concentration= 0.0945 nM         Enzyme concentration= 1.525 nM 
Kcat=Vmax/[E]= 111216.93          Kcat=Vmax/[E]= 6578.85 
Kcat/Km=3465.78           Kcat/Km=107.903 
 
 
Cathepsin L5, pH4.5        Cathepsin L5V, pH4.5  
                   
Enzyme concentration= 0.3 nM       Enzyme concentration= 0.2 nM 
Kcat=Vmax/[E]= 27856.67                     Kcat=Vmax/[E]= 48650 
Kcat/Km=4384.81                                    Kcat/Km=9444.78 
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Cathepsin L1V, pH4.5   Cathepsin L5, pH4.5 
                                        
Enzyme concentration= 0.5 nM       Enzyme concentration= 231.14 nM 
Kcat=Vmax/[E]= 14.5        Kcat=Vmax/[E]= 19520 
Kcat/Km=0.5          Kcat/Km=664.40 
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pH7.4 
Cathepsin L1, pH7.4     Cathepsin L2, pH7.4 
                  
Enzyme concentration= 0.06315 nM  Enzyme concentration= 1.525 nM 
Kcat=Vmax/[E]= 234125.1   Kcat=Vmax/[E]= 4931.8 
Kcat/Km=9783.75    Kcat/Km=266.87 
 
   
Cathepsin L5, pH7.4        Cathepsin L1V, pH7.4 
                  
Enzyme concentration= 0.3 nM   Enzyme concentration= 0.08nM 
Kcat=Vmax/[E]= 29223.33    Kcat=Vmax/[E]= 80325 
Kcat/Km= 2933.48     Kcat/Km= 2644.88 
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Cathepsin L5V, pH7.4 
 
Enzyme concentration= 0.2 nM  
Kcat=Vmax/[E]= 37145 
Kcat/Km= 6678.35 
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Appendix 4 
 
Optimum number of clusters estimated by PAM algorithms for apo-cathepsin L1 PC1 and 
PC2 trajectories 
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Optimum number of clusters estimated by PAM algorithms for apo-cathepsin L1V PC1 and 
PC2 trajectories 
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Optimum number of clusters estimated by PAM algorithms for apo-cathepsin L5 PC1 and 
PC2 trajectories 
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Optimum number of clusters estimated by PAM algorithms for apo-cathepsin L5V PC1 and 
PC2 trajectories 
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Optimum number of clusters estimated by PAM algorithms for apo-cathepsin L1 PC1 and 
PC3 trajectories 
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Optimum number of clusters estimated by PAM algorithms for apo-cathepsin L1V PC1 and 
PC3 trajectories 
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Optimum number of clusters estimated by PAM algorithms for apo-cathepsin L5 PC1 and 
PC3 trajectories 
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Optimum number of clusters estimated by PAM algorithms for apo-cathepsin L5V PC1 and 
PC3 trajectories 
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Optimum number of clusters estimated by PAM algorithms for ligand bound cathepsin L1 
PC1 and PC2 trajectories 
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Optimum number of clusters estimated by PAM algorithms for ligand bound cathepsin L5 
PC1 and PC2 trajectories 
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Optimum number of clusters estimated by PAM algorithms for ligand bound cathepsin L1 
PC1 and PC3 trajectories 
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Optimum number of clusters estimated by PAM algorithms for ligand bound cathepsin L5 
PC1 and PC3 trajectories 
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Appendix 5 
 
RMSD pairwise matrix of active site residues from cathepsin L1 representation by colour 
codes 
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RMSD pairwise matrix of active site residues from cathepsin L5 representation by colour 
codes 
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Appendix 6 
 
Side-chain arrangement of the ensemble members of cathepsin L1 and ligand RDR at most 
populated conformation identified from (a) module 1, (b) module 2, (c) module 3, (d) module 
4, (e) module 5 and (f) module 6. Ensemble members in the vicinity of the enzyme active site 
were drawn in colour. 
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Appendix 7 
 
Side-chain arrangement of the ensemble members of cathepsin L5 and ligand RDR at most 
populated conformation identified from (a) module 1, (b) module 2, (c) module 3, (d) module 
4, (e) module 5, (f) module 6 and (g) module 7. Ensemble members in the vicinity of the 
enzyme active site were drawn in colour. 
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Appendix 8 
 
Side-chain arrangements of residue (a) C25, (b) N63, (c) D137, (d) E139, (e) L158, (f) R159, 
(g) H162 and (h) A163 of RDR-bound cathepsin L1  displayed by the most visited 
conformation of module 1, 2, 3, 4, 5, 6 (left to right). 
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Appendix 9 
 
Side-chain arrangements of residue (a) C25, (b) Y63, (c) D137, (d) E139, (e) D158, (f) R159, 
(g) H162 and (h) G163 of RDR-bound cathepsin L5 displayed by the most visited 
conformation of module 1, 2, 3, 4, 5, 6, 7 (left to right). 
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Appendix 10 
 
Sequencing analysis results of clones for sh42 
>pGIPZsh42_C5_B09 
TGCTTTTTTATAATGCCAACTTTGTATAAAAAAGTTGGCTCCGAATTCGCCCTTAAAACT 
CGAGACCACCAAAGTTCTACAATTTGTCGAAACATTTATGTTATATATTTCCTGAAAAAA 
ATTCTGAGTAAGTTCTTAACTGTTATTGCCAGCCACATAAACAACAGACGGC 
 
>sh42_C2_E10 
AGTTAAGATACCAGTCAATCTTTCACAAATTTTGTAATCCAGAGGTTGATTGTTCCAGAC 
GCGTCCAAGGTAATACGACTCACTATAGGGCCCGCCCGCAAACAACATCAAACAAACCAG 
CAGACATATGCAACAAGACACGAGACGGAGTAATGGCCGGCCGCATTAGTCTTCCAATTG 
AAAAAAGTGATTTAATTTATACCATTTTAATTCAGCTTTGTAAAAATGTATCAAAGAGAT 
AGCAAGGTATTCAGTTTTAGTAAACAAGATAATTGCTCCTAAAGTAGCCCCTTGAATTCC 
GAGGCAGTAGGCATCGGAG 
 
>sh42_C4_E11 
ACCAGTCAATCTTTCACAAATTTTGTAATCCAGAGGTTGATTGTTCCAGACGCGTCCTAG 
GTAATACGACTCACTATAGGGCCCGCCCGCAAACAACATCAAACAAACCAGCAGACATAT 
GCAACAAGACACGAGACGGAGTAATGGCCGGCCGCATTAGTCTTCCAATTGAAAAAAGTG 
ATTTAATTTATACCATTTTAATTCAGCTTTGTAAAAATGTATCAAAGAGATAGCAAGGTA 
TTCAGTTTTAGTAAACAAGATAATTGCTCCTAAAGTAGCCCCTTGAATTCCGAGGCAGTA 
GGCATCGGAG 
 
>sh42_C7_E12 
TAGTTAGATACCAGTCAATCTTTCACAAATTTTGTAATCCAGAGGTTGATTGTTCCAGAC 
GCGTCCTAGGTAATACGACTCACTATAGGGCCCGCCCGCAAACAACATCAAACAAACCAG 
CAGACATATGCAACAAGACACGAGACGGAGTAATGGCCGGCCGCATTAGTCTTCCAATTG 
AAAAAAGTGATTTAATTTATACCATTTTAATTCAGCTTTGTAAAAATGTATCAAAGAGAT 
AGCAAGGTATTCAGTTTTAGTAAACAAGATAATTGCTCCTAAAGTAGCCCCTTGAATTCC 
GAGGCAGTAGGCATCG 
